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TRANSDUCER COMMITTEE OBJECTIVES

This committee apprises the Telemetry Group (TG) of significant
progress in the field of transducers used in telemetry systems;
maintains any necessary liaison between the TG and the National Bureau
of Standards and their transducers' program or other related telemetry
transducer efforts; coordinates TG activities with other professional
technical groups; collects and passes on information on techniques of
measuremcnt, evaluation, reliability, calibration, reporting and
manufacturing; recommends uniform oractices for calibration, testing
and evaluation of vehicular instrumentation components; and
contributes to standards in the area of vehicular instrumentation.

vii



14I M 101 0 0
4) x
u C

0 0 0 0 . Z 0 - 0 - 0
10 C: 1n W 0 21 0 V) inZ i 4 mn 14 (n

in1 1&4 . 44) 1 4 a.1 ) w4 w) 14
0~ 4 4 > r 4 .0 - ) > 4) > a) >

141 .o ) -44. 4j 4-in. 4- ) w 1.1 v0*-. ' .-4 V0 -
.14 vi' = s (A x 40 04.0 w .0 - 14. o o 0

E-'m to f0 *,I0 u 9) fo 0) a a)m (a
.0 1 ao -0 0 4-' 14 .- 41 FAi 4J 4 4.' 4-'

0 u 1 0 1 0 1 . >1 0 ) 4 -4 E0 1-i 4) E a E C
41-' a.-' 4 -j a aml a) -1r m 0 in'1 :I (v () n 0) mo 0
4 0 .0 x - I C X .,I Ma 3.:-' 3-Hat --H X ~' X H x

u D . 4d. Ch 4-) X0 u :3 a : 40 am :$ a .1 -40 u -j u 3 :
o :3 ~ *-H>, ::l-H >. 0 F -) > . -0 > C . 4-'0Z 0 -'0r.0 -4E- 4- .- E-'

cwo a a o 133 'z o -Ic' (n co .1 C , n K, aw zo 0. zo.

0 10

ko 00 0 0 0 4)

Z4-

d 4 x 4
.04 0 ) 0

0) 01 a144U) a 4)

PQ1 > ) 0 >. U 0 >4 0
a)1 14 0H J M4 v )-4 W~ 014 (

01 Vn 14 01 4 co a) 4 to)' 0 4 - a)
E: 0) 00 ) e to 04 = a)0 Id>4

0) in' 'ov x u 00 an v.0 04 Go 4) 40 -: ) '.-
14) 0 -4 04 U Ha a -1 0 0 4) 4 X1 m~ fd ( ) w - 0

b4 - 0) mc x L-' :j 4' 1 o0 m- ch 45~ w 14 0 ) . 4 ) o cn
Ix r-4 c~ W ' (n 0 . w L H> 4) 3: >- z u U > wou X l
U) 0~ -C 4 *,- M X -a W A.0 M 4)1 -H (d H ( :c4 CU w 0

'-4 4/i UEz -m u1m rLH> 04 ~ CU- X~ 3t QII41314ZuQ : I

U4 0
I4j

U)~r I - 14 4

0 Q . 0 U .4 i
t n 14 z in4m0 0)

01 01 4 - n 4 0 i
a-I ) a) 4) w r-401

(n1 I 4) LE. - w 4-' 14 in 0 ) V- -Hq a M. 4-C~
0' :3 40 :0 01 4 > .0 ~ 4J'01 0 14 0(n 4) n

v1 a' '0 0 0 at too m~ n 0 4- w) w 4)01
I 4 C014 4.' E.n w a-1 . C..4 E; 0 U
I m ~ 0 ah I 4 > 0 4) 1 - '44 Q4)'10 14-

:3 E a 0 r. 4C c) 4 0 (a =1 A. 0nMm 04)W-
I a' 0 H 0 -I 4-) -4a ty c0 C0 C r-4 L4L. J-'

F -0 5 t~k 4 4-' 0'40 z0 c~ -j-4 4-' 4 .- 00 .4.)
a 14 mo v) M 4', t/)- .,0 C. En-4 'A 14 14 " -4 to44

I -4 0- ~ m 14m fO gm( m -n ...b - .. n" 0 0 -H44 W
z 04 4' z1 3=0 Z) C-Z0 3cl' 30 w ZO in U

1,4
4)

04 -4 a
'0) V- 0 0 .0C r- 414 1

to' 0j u a1 :50U .
1 - J ) a-, 0 14C o4 co '-,

I C4 -41 (-iN -4' -17 - N~G m1 N'4 C'4L Nr- -4 -4

m in aO aO as I ' (,40 m' I'0 m C c l0 a (n I O1 E4 -1.- C'l- 1~ 4 ~ - 4 ('4 -4 N -4 N-- (4

0.

0011



4

I 0 U u
$4C 4)

4) > 4 ) 4
4) 0 *d 4)( )

S 4)1 a) 4) r. 4) 4

E- 4)I gn :j m- :3~

AA 0) V ) 0) u ) 4) u 4.)
001 C 4 cn a 4 3

-4 4) VT2' En ~ 0 )V)0 ) E
3C Z4 aX -1 z 1 11

EE a) .~4 I),0 4(fQ 4C

.4Aa I-

N W- 0

Hi Co -4
W) £141: u 4
Xl 4) 0 t

CI 14

4)'1

01~ U )~

0) En w)Z

0I U 0- '0.5 C ) -s
:I 0t to) -..-

-41 0, 4) (U L.4 ~ M
4 C0 0 ~Aj 00 0U

I v wU (ia- L )C. 0 '10 W

I4 r-a)a
(112 Ao o IOAIc
I 4) a, wm 0 y

0 w)

I V ' C C.
0 z ) 4)



off IKNJ (F Df

History:
T~ie Workshop IS sponsorpd r)y tfle Vemicular

instruiientaticn/lraflsaucer Cximttep, Tc& retry Grouyp Uf the

Range Ccjmnarders Council. i' co"tte develops and
imolenent , standards anc procedures for- transducer
applications. The fourteen previous *orKsrnjos, ')e~inning in
196(), -o&re ield at t >-year intervals at or ne~ar various
j.5. GoerTlEft !nStal'aT'rwis arourd tne countryv.

.A. _ itehs re wariiqk~e -u )oist~ S, n

peole ic atendwil bnelitfron exposure fry tru-

'~ ~ ccinplexity of trndcrevaluation, selection, Aria
* ~ aplication.

P rd i,_i p rob I -nis i nvov Iin t ran sd u cer s s ijna I

cndtciers, W1 read-ciurt duvicte5 wijl Le considered is

sepImraTe cu1Xrents and1 in systmsi. ENineering tests,
~~ lboratqr.' cdiibrat.ons, tr~nscjucer ,1evefo~rnents and

evalkliti'-ps rii.rvent potential ap~licdtirrts of tbe ideaF
pre-erite. Measuranas i-clude force. or csw'-e, tiuw,
.. xnoerdtion, veioc~ty, J4,splaceIifierit, ty,~aueand

/1 Emhbis i s:
WT _r et

0 i S a fra'J 1, 11aP ma'-. to UW 5 1lIrt I( C' -R?3Sur~trwi

*1 2 -on ~ I i's on _ra-isolu-er , An re 1iat.

0 haI', d hi~ii r3:,ic. if diS3cIjs,,r tj pre ent2-on ot

i2Pre-kkl"~ w x&remrmcn)-diIsi

-. ~~~ r ~wr~~~ brmnjz -. (9etn~r tho, e poo le Wrin uS>
U arcucier o 1un-iTy 'ni c-,.s and tZ y~i S'Csl. 5O

A 1 lu"t CqT1C 10iC iou cinnel WI jun trw'ci~,it traiOsdti e,

d~ers.Sam e~nplsa



* improve the coordination of information regarding "* vlopm.i uf' Pruotype System for the li"Ile
trdfis(UXer standlards, test t2-Crhiques, evaluaticons, andi Calibrationi of PMicrtoitus'
djQP1rat()n practices among tnie nationial test ranges, DAVID L. IAItU14FL
-iu -users, range contractors, other transducer users, DaytJi Sc 1 en- c, I m-. andt
an transducer Tilnufcturers; R I CE41 C . TAMALI1

0 eriourage the estahi 'sqTY't of special sessicons so that Wi igfl Reser -cri Yxj Developnent Cernter
a t t, r"ees wi th wmasureirert problem~ in specific areas 10)15 Br*
can fonm suorjrups and rmain to discuss these probleris * "Cnrrm Akceleraimter Cal ibraicm UtilIizing
after the wrkshop cocludes; aw~ Rigid Boy Assumptionis"

* solicit suggestions and canrents on past, present, are MICHAEL J. [LALY
tutun-,, Vonicular lnstrurieftaticri/Th-ansducer Corimittee Unilversity of -'r irdr't,
eT*rrs. * 0Caqkvsm of Wiip Band Bak-to-Back ami

Interforuwtr-r. VIibrationi Trarisdxer Cdlihrationo
Geeal Chairrwai: T(IRBEN R. IIT- )nG %NSIT 'CMN1'{A
Johni T. Ach Bruel & Kjaer instrurerts. 1rc.
W-iyrn Research iro Develop*nt Cei'r AYC~A * Large High EVILisiw Driven Flyer Pldwte 'c!.w
Wr jt-Pattersrl JWB CHI 45433-6523 for the Calibration of Soil Stress and pytion
(b13, 55-52)0 IristnimnnatiwV
(AL1[(MII) 785-S2L)j JOSPH 0. RLNTCX ari GLIR[il' H. G(iX1 UW

Air Force W'c-, U-aboratory
PROGR 9 Perforiwicp bdluation of Piezoelectric

k..ceeurters %iing a F1F1 Based1 Vibration
M"NY, JIJ( 19, 1"~ Transs&Eer Calibrationi Systoel, "ilnipaper

ERNST 504W1{L dixi Ttk EN R. LIIYT
XU Scial hour, at the Ccycia Beach Hilton, courtesy Br' l u .instnjThiit ., Tnc.

of the Vewiuiar Tnstr~jnfrt,,tion/TradnsJucer 12110 UIII
1.130 Session 2: Applications

Al! j
t :eu lcrrie Chainmai: fiVWTM P. WILTIS

Rockwll/P~rketdy'* Division
11J-WY, iLIC 20, 1'Q Cochaiirnan: PLT119 K. STEIN

Stein Enyireprin, S&-vlces, TIr.
03730 L,Avstr&1~-c @ "An Increased Accuracy, Wual Cbiawl Telaetry
131X) J11N %_ ,''* 0i Acceleuwte

lbw frrr.diice' .,r; 4  RCKRT 1* 'ELL .iryi P'CM kT (iATD0.
Ktir ( e: 1f~rTi -,jie it.! Miwsle Test Ce'iter Noh'ni3 Research La-'r' , Inc.

tVreseftdai .e * "A Ricrowive Trysct for Pbdqsirng Piston and
Tntrr'jc~ n: 41 AiL ~and Projectile Velocities in a Tvo-Stagie Li",t-fus

Chal 'iin V~iir~ul- I f st f itat ion/TransducerGm
C inittp'? R T-- LUCTEN NA)PERT

(Mb5 sesion, 1: Caibrition Tecitni(ipNs Defe.nce deseorr sd im Va1carticr Natio)idl
(Thaiirman: RICHW. TAL1NLGE Defence, Caiari
Wrighrt.. Resra,,o 3rr -)ev(Iowrnt Center e "Built-in P~tdical Filty in a 9wick
.(xrx irman: A celeiertpt

'j.S. Arrrry Ytimd ruvng Grouicl ANThiV.Y S. 0-iiJ
* -Tvm Wire A1tumotic Rumte 1c*irsirkj a- Evaluationl Eiklev,:o C-orl.

SYsItkii? * OA nrxesijre Trrouimr to fkssure Blast-Irrkald
F A. FiAH1 arwi L&}1v ljf\weoPr Prsr in iter Satw-atei Soil",
Naval Shiip Wpapor Systerris Engirweriry Station wmipaix'r

e "FEvaludtion of a Digital DE , WWj~ Tester', DRI. AAfW A. G-ARLIE
J .R. MliLER Coior dc.) ';tatelnvollt

1.5. Anry TI?1i ulxj x :ri 1515 Break

xi



* Dibfficulties/Rmei*s in Pressure Mwsrm*t "A CLwpdAer Progamidle Trasdcer Nicru Circuit
With Diezresistive Sensor-so IHWD A'

ISTEVEN NICYi-ESS mi R. KUI WRIgi D'v) D.e~mn Cerit- a
Hioneyel S-,)ia StaLe Electronics KENNTH ReParoaLEv nf en~ n

* T1ft P4E2 Pien iectric Polywr Slhak Stress Vifthr-et s Inct. .
Sensor - Saw~ Tectiwiims for AM]1icaticii Under "AV mtr e Stnstr/Cd IdrE.ir'

Fil T .1. Conditio J.I WILLIAM H. ANDiJ17 5 JR. and STEVEN P. 1340?

S--National Laboratories *Vo ie ctia Hut Ric.'
0* Piezielectrc Polynr Shock "je Aplicatos -"DE R. .)(M S Jr.

-EC . L uro- th ,6va IAi r Thst C ,nzer
* " et id T Luror t or s 0x pc i.Sqra * b nvng the eP sm Time~ an Acurary, of
* ksii otlere rw ijto a ai Spe Transiei Th~riul M~asurwits in Live Fire Iesting

Denstie ofEnvrurariti Dta akenon he myt(LFT)", minipjper
Radar at the Any ProvngGrudsYua ijin JAW{S G. FALL

WEir ~U.S. Army At*ryioen Proving Gru
Na3ESny t~X Srtdns M :wrnjSainIS Br*

Nd,1,31~~~~~ ~ ~ ~ ~ ~ "PdW-~ yl-r Eiprn tto A Very ick tynaiiic Range Data Acquisitioni

WME1WAY, lit ?1, 198 Systw
)ACK R. rARREL

OM3 Session 3: TUtOrialS EG&G, Inc.

Cha inman R*3ErkT M. oh1ITTIER * 'Shok Resq-otse of Second Order £aynri'iral

ErIeVL.O Systems"

C~~nrr:LA14<I'dh§ M. SIRES DR~. G.A. PikTICfO
Nil Weaons (e-ter Schdevitz En( ' nepriry and Rutgers Jnvorsity

0* Groundiny a-L ShieldingJ for Insrnnfation 9"nSa1 fMr Oj~xA - Tvio Strain ra

SJ~st .Bridge Circuits Revisited"

HOGe WYo arw JCI-IN KALNYO49('

* -nitiu n1summcf, 9r eknRxtr "The %quist Sdrpliny Crnterio: You Don't Always

* r 'ynam Mtur ns Are Se[dom Sot n a e Toe I t,& .W e o DI ' xN

10M breakPEUSE14
* "The Surxe~sful Eneuering ot Mast Stein Enyinc-eriny Services , Inc.

systIL . Pa Lunich

Nli. PAThl'- WALIa 1333) WWU f~so

Sandia 43tional Laboratories UNYA~ INF{14TIUi4

13m Tour of fxiZe Cate This Fiftefpntm T-drsiljcer Workshop will behel~?d 21J - 22
183) 1-Ikt Social Hour- at Hobtel F a 1989 at the &)rz, a t -tich m1 -on in Cxoa BPich, FiGrida.
1M3 BarqLA-t at Hotel rx-- hostinq aq&ency is Tt Eastr Space and lis ,il-- Center,

r.M.wr lit 22, L9M catrick ARB FL.

0030 Sesion4: atakj~isiionRegistr-ationi
ChdS~ici: WILAMta WcjstYi The reystra-ior -:onsists of a ccripleted reistration

Cdwnrn wLLe J National laboratory d ln , riten ?4srphylsm" and a fee of IdJJ. 'payae in
La~rece ier'Tre dvance or t the (x)r,.

C~rdll~n; L~P4A. WHAi
EG & G/1h

xi



A "Murphyis)i' can de-,.ibe any measurement attept that Adiitilal infbwtiom
went astray with the objective of learning from our errors Pay be obtained frun the General Chairman or,
and keeping our feet on the ground. It should be something
generic rather than camon human oversight; something fron Canit "ii dartsh Treasure
viich we car learn. h!1e tone should be anonyxos to not LEROY BATES
eibarrass &ly person, organization, or company. While a WS CODE 4RB
'Murphyisn' is not a mandatory requirement, submissions are POrt R"uWnme CA 93043-5007
strongly encouraged, and the best will be included in the (805) 984-445, Ext 7568
program. (kfJTfO) 360-)445, Ext 7568

Advance registration i desirable. Please use the
enclosed registration form, include a check or mcney order Facilities and Ristratiwi Chairi
for $8.0A payale ro the Fifteenth Transducer WorKshop, and RI}IARD T. iASJRjLjY
mall to the Worksnoo Registration Chairman by -6 May 1989. Lawrence Livermore National Laboratory
(Note: Purchase ormers are not acceptale.) P.O. Box 80B, L-154

Livenrore, CA 94550

Hwel x mxlations (415) 422-1256

The official hotel for the Workshop is the Cocoa beach FTS 532-1256
Hilton, 15W North Atlantic Avenue, Cocoa Beach, Florida
32931. A fixed block of room nas been reserved at the PaPe Chiir

special rates iisdicated on the enclosed hotel registration RAYdNa FALSTCen
car. Early hotel reservations are strongly encouraged. c/o Naval Air Test Center
Hotel registrations must be received by 26 %'y 1989. Range Directorate, Bldg 1492

No formal program will be provided for spouses or Patuxent River, W1) 20670-5304
yuests; htoever, they will be most welcome at the Social (301) 863-1567
Hour on Monday and the banquet on Wednesday ($20.00 (ALfJ]VON) 356-1567
-oiitional per guest for the dinner). Note: Final count
for the banquet mist be known by 11:00 am., 20 June 1989.

Tour-Aeiiesday Aft&enwon
A tour of the Space Center is planned for Wednesday, 21

Jure 1989. Please indicate on the registration form if you
will be accompanied by guests so that adequate
transportation may be provided.

Fonmat and Background
Workshops are just what the name implies! Everyone

should come prepared to contribute something from his
knowledge and experience. In a workshop, the attendees
become the program in the sense that the extent and
enthusiasm of their participation determines the success of
the workshop.

Participants will have the opportunity to hear vilat
treir colleagues nave been doing and how it went; to
explore areas of cmnon interest ari common problems; to
ofter ideas and suggestions about what is needed in
transducers, techniques, and applications. Several
instrumentation experts have been invited to give
presentat ions
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TWARSES-TWO WIRE AUTOMATIC REMOTE SENSING AND EVALUATION SYSTEM

Ernest A. Dahl And Leroy Bates
Naval Ship Weapon Systems
Engineering Station (NSWSES)
Port Hueneme, CA 3043-5007

ABSTRACT SDPM.

This pape- discusses an Automatic Monitoring The SDPM panel display pr3vides and LED cell-fault
System (AMS) which provides sensing and matrix, Figure 3, that indicates an out-of-
monitoring capability to indicate the conditions tolerance condition at any location. Specific
at any number of sensors at remote location parameter values may be displayed for any selected
using a common 2 w irc shch uniquely provides individual location, with the out-of-tolerance
sensor power, sensor identification and sensor parameter identified.
performance evaluation. The system consists of
a Scanner Display Panel Module (SDPM) panel and A built-in-printer provides capability for hard
up to 144 individual transponders connected by a copy of transponder/location parameters.
two-conductor signal bus. Depending on the
c." tion up to eight transducer parameters SCANNER/DISPLAY/PRINTER MODULE
can be measured at each location and monitored
at the SDPM. The AMS includes Micro Processer a. Converts line voltage to the required DC voltages
Based SDPM which is located remotely from the for the data processing and display functions.
transponder module and its associated transd-cer,
Capability is available to monitor up to 1152 b. Sequentially interrogates each separate
transducer sensors utilizing a frequency-shift- transponder, one transponder for up to eight
keyed signal to sequentially interrogate each sensors.
individual transponder and using FM modulated
tone responses to transmit data back to the c. Compares the averaged data received from the
monitoring module. A display panel provides an transponders against established limits and
LED cell-fault matrix that indicates transducer initiates an alarm if the limits are out of
status and alarm when an out-of-tolerance specifications.
condition exists. Specific sensor parameter
values may be displayed for any selected d. Displays selected parameters and alarm
individual location with the out-of-tolerance indicators.
parameter identified. The built-in printer
provides capability for hard copy location e. Prints out data parameters automatically or on
parameters. command including date and time of day.

SYSTEM DESCRIPTION - AUTOMATIC MONITORING SYSTEM The front panel of the SDPM contains a combined
power ON/OFF switch. Display matrix for all

The Automatic Monitoring System (AMS), Figure 1, location and Industrial Readout from any location.
provides sensing and monitoring capabilities Printer and key-board to change data limits and
to indicate sensor conditions for any type data request print out time and other program
where a sensor (either passive or active) can requirement.
be installed. The capability to monitor any
number of sensor utilizing a Frequency-Shift- Power supplies, telemeter electronics, data
Keyed signal to sequentially interrogate each processors, and memories are contained within he
individual location. Modulated tone responses metal case. Three connectors provide interfaces
(FM) transmit data back, including out-of- for power, signal bus, and remote output
tolerance responses. The system consists of a including RS-232.
SDPM, Figure 2, and individual transponder
connected by a two-conductor signal bus. The The display, Figure 4, provides both fault
SDPM is remotely located from where the monitoring and individual location monitoring with
tranxnonder probes are installed. Location of built-in test validation. If one or more
sensors depending on the measurement individual cell's parameters are out-of-tolerance,
configuration, up to eight parameters can be and LED will be illuminated in all-cell matrix
measured at each location and monitored at the display. At the same time, a parameter fault light
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will be illumineted in the sincle location a rd b te conditioning electrenics circuit-
display along with ifidicatiui of the niumber of ruring the time that the interrogate command is off,
the location being monitored and the parameter the Capacitor vroltage decreases to appr(oximately P
values for the sensors at each cell with the fault vpc.
indicating the specific fault.

The incomring signal is also deeoded and passed to
The built in printer can be cm.manded to print the device address comparator. If the address
parameters for all location or on'y the selected, corresponYds to, the code preset on the TP-129
location being monitorad oni the single Location switches, tne module activates a regulated r6 VDC/2
display. Print can also be programmed fo)r ,rA Outp)ut to power the conditioning electronics.
periodic readout and fo r automatic readc,,t at the 'he activation time depends on the instructions
time of a fauilt deterrr'nation. jpiun r" co-ded in the initerrogate signal. The module has
interface is providerl 4or RS-:3?' tus tj ise eitlher eight inpits, that can interface with the voltage
a modcem or computer 'interface. OutPujts (1-3) VDC) provided by one or several

conditio)ning et ectronics. In the case of the
TRMASPONDEP 5bPi'.SG 'A kpTf Standarl "tss 1 e Sensor Moo.ule, only two i oputs

are beiri, usej (humidit) an~d temperature).
The IndiViUual Trars.,,order -,ensir Mo ules iod the The remairing six inputs are available on the
central unit f toe sysc.em, a- . ornero . b/ a connezt- r for future uise. During a communicati 'on
2-wire sigrnal -)u. The Transp -!er Sensc-r ti!odules cycle, iata from)r the eight, inputs is sequentially
are wired in oarallel -r b Cm:,.ot - trans'2 t ed back to the bus transformrer, acccordinq
tetween the centrol An,' i ,21 ~er to t he T r,tr.> . irns oT tfe interro)gate commann.
jer-or Mcdlec; I, 4r . I' tc a, t ot
i s re-e a 'e: i c-'r a' i-tor .,' m' 'lo is "Measj-re7c- Ri (K
shoan, i.nH.r

I., The rel1a t ive hiit si e nsr r a Pot ro n ic
Cur i 9, a C j It I t a, "Y(2Pr)M7O c2 iopac it ive ers5,,r. [tie temperature
Transp! od er e ra ie;er, Jal i ser sr as a Te~a s I ostrumerts silt oon~ sensor
acti va" ''_. ' rc r.'ec odl 1 1

-S i ft c sr'' rea t.e- by the
central it r~ 'or ~p n, . t h c-wi - electroric; C eLton: is p-werel
res pu)n(', Ct Fj Ov ,'t ,-' r ece wi-tro '' , I e gulate 1 , -trit s - 1 i e t , the
sw it ch E- l, + r ......... mrd r f r-'mte 2 o 1,-ol hiby :0 ;I( ,e c itrii r a ma X IMum0 oF ' MA . ''e
the cer'Lr ' ir tI I ztw c n(,r 'C v- tane utnf,,ts have a tanqin-of

1054-' he ~ ' r r,, a> r, t n i t' i atie HumT' i t v
Hcl-i I n d 'hete r 1 i~ i 7is t.-puwere I

an i.en+ iA n t r, i, p r -e' r t- a s .
r !,,, I t' e,, t' i'- It

tro i eerri (j i' to!-rt rii ji~' 05550k P 'nISR nHlrP'TPt

The cjli '- -w e' m~N'r The Hvr(PrttEP h-L.-tdity >ens)ri -ma, osn pro
sent La t

1 
'0 f, e' rfr 111 r, ca naci t-r that * rlfi es r xl eiI as ai fi~n tt ! i r
s -,1 -e tht, IO bh th e wa terI v a lnr p rec sie -Ir- J t em peratfujre *,f

1ri(I trah e en-., i r unmen 7 hts r e rots r' e . me a s,,jr epen t
pe-111 r g - *o "rr' *e r-i jnl 'ire ; 'rlat ve humt-lttY af'er irroc re ci H ,aii

r v id e in se H the rr so rr ri h i t h -n hi 1>OO a, r ' tanda
I, fer'vne5,

-i.'ensiu- [esign. H Y GPt1YF e n sC ot n~ s -st
t en 4- m- 1 e ttin s'rip of hyajroscopit c 9 te C'Olised

cr c irO , inct :r ~t l.1,s. TIhc hetween two hiorcuOS electr- Aes. his lesirn er~es
r'Wr 1 q, n . r-I I ''1-l'. c.-ts the intotonange -f wa.er- r- leo tes tVr)jk OA'j 1

w cneA h e,, l tbis surfaces of the sensor. Ccrcaparitive cnsi.rs
tsn-At'o o, , e iri crico .c un ise a non-porous or- f ir iupCs-.bsttite

kesen' c, -;',- j' ry'la e nxulliolity that supports a ttin ft f root,'er id a slit of
sensur ,r - -w p,-we signald elcotrodt:s. reoarse ol An;i-) Ant , a~tr
conirtti )niq c lAe.rr'i. fir 'uth senso)rs. Figur-e molecules are esseria-ll ,- abs )e thr-igh~ onlv
6 s-cew th f in-to d iara ig o f thle 'rollul e. one sur face of the sensor.-

PLower, Con- t'r -' tre 1 Blc h, P' e,.mance. Both the mer'mn-,il design of

the !iYGP9MEP sensors andl *-I rol 'e f~ the pol ,oter
t. The ''hilt it 'I' raffs toe full ,wing functions used in the sensors, pro)vi eP faster irii! more

rn one VLI Ac iit 1 k0  Ih inm n errngate iiiformr atsorntirn of isolo'ire '1han iro rnrventiina -

signorl F', I tI I i' ti taken off sensors;. lmprrlvcmetnt of ,Pns', r ittrlrmirrce ta
the b- onnrmer annl r u e, to! orcii significint, especiullv a- a'Eoc t, ver

to rouce 'ieoclae V.C Ths s iedto when operated close to con lensa tion For h-, irs; t he
I oia'l two (7 1T Ca pic -t -a i tear that are t4YGPO)MFP senor nlrot s'iOw a 5 Og ji sh response
rm-ndc ted t n ' m, .i These cr pI i to'.;s or creep rng ';. of the 1hum i try i oral - ~er,
provide the ref-' rl'-cyrr'e ht, !he inodule tlt I hji )i I , -nn! i'*ijcs a re' cc uced ,H ere no 0

re-:i I em~ent~ for irecover , per ind to cc' urn the
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senso'- to its original cal ibration. As a This sensor i s signalI condit ion to provide l -3V
consequence, sensor hy~steresis is exceptionall1y otpt'r4-10be.Fwihacuryof'1.

low and this resujlts in excellent repeatabil ity deg. F. The sensor has long termr stahjli dv f 0.5
of measuremnents. deg. F. ,r better and providJes accurate data

within 10 seconids.
c. Sreater Durability. Careful selection and
control of the material s used during manufacturing CALIBRATION OF THE TRANSO CLDEF SENSOR MCCULE
resul t in a nonIidi t',v sensor th~a* resists
condensationr as wel1 a.s a wide airray c"f industtial a. Factory Cal ibration. Each transponder sensor
contamiinants. 71I rlnziion (,f 'ne substrate used module is careful ly cal ibrated both for firiidit,,
I n most corsvent ioral ralaci tive sens -rs al so con- and temperature ,Because of the high sensitivity
tributes t.o .4*-ater- -'ci' r j r 

tit,, the filmi of relative humidity to temrperature, calibratio n
o;nD no -Ter' anr" tie surstr tn Ime / r'-i f fe rent is dn at room conditions that are stable to
oechanical chrve'ic iI tcnd t. separate within 2 ' del C. At 25 beg. C, this provides an
u nder the co)'e 'e f rtlh cihive humidity accuracy of /-? F:1! or- better over the full range
and temera jr cv 1 s It s p calns'o-hrt 9 t ecial cal ibration with a stahl itv

th po ~e 2 fe'itc a h( H 'YC20 1FP hijmiit of <'Sdeg C a t tempe-ra t ure'. cl se to i e4.C
Ke f'Lt' " s avoiitable :n this case , accuracy is V'-

1 u tiC i t H or L~htter 4vcr the full1 range of husniIi t.
A--c)i irs dve'-n j it sd ctL r ait.t: Even hi" -e acruracy can, he achieved ovr

-ea if re u "t o ' Fi n1yn
t  

e df 9M E) I imTii t e r a nne.

e,,*,r e;,e c,7- r I c I e c ' . it the C. c25  a t) rrc, ion 'he- _ransponcer senso' !
C n I c T . v p Thrill s Fro, mu, b e i 'rv e~ in te f i ld1 us i nr:

er ;'nFiree' I t h andI he In o e' v pe ra t ed' PT RON I? T - L i r 'i Ti

e - vr,, "r n t s V; n1 ea 5,r5 , pronef, ii e'iv~l en if 4 -1 spl IA s hojt"

Sca IoriI-2il I ecr tempera t ire and, h ,m I' "urn ' y 5
,r..e r n it'cre f,, v c hed ed aa i n st .Cre4:errn!f, aFse,

for r a id1 urn d(c va' i if i it ir)n -f s'' 'en'
e. er"P i' rIrt tPe r for,7anrc e. Fr fes' cia',i r 'i fiur, V '
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TWO-WIRE AUTOMATIC REMOTE SENSING AND EVALUATION SYSTEM

Q: Steve Baker (Oakridge National Laboratories): The concept looks
very novel, do you have any plans to commercialize it or get someone
to commercialize it in the private sector?

A: Ernie Dahl: Anybody that wants it for the Navy or the Armed
Forces can do anything they would like. The commercial use is un-
defined as yet because it has so many uses. There are companies in
the San Francisco area that make the units and have asked for permis-
sion to sell it commercially. We said yes. And they are going to go
ahead with it, but there is a license involved. It has an applica-
tion; a hotel with a fire alarm and smoke system; you just put on two
wires and run all the data you want from every area. There are lots
of *hings you can do with it. It's three to four years old from con-
cept to the hardware you see here. Also fot Tomahawk containers, a
meter is removed and a gas sensor screwed into its place. One of
these sensors, by dispersion technique, will measure temperature,
humidity and oxygen inside the container. Those are working now.
There are standard missile units that measure humidity and tempera-
ture. So if you push the button that says cell read, you'll see it
read out all six sensors. Each time it takes data, it reads out.

Q: Roger Noyes (EG&G, Inc.): You talked about taking real time data
and you talked about making acoustic measurements. Can you talk a
little bit about the response time of the system?

A: Ernie Dahl. When we fire a missile, real time data is data that
can r-ad off. The way the oscillograph is producing a record it takes
a couple or microseconds or longer for the data to reproduce on the
paper. That is still real time data. The way this is set now it can
be programmed any way, it can be programmed so that when something
goes wrong it immediately starts the alarm and does it, otherwise
there is a delay of maybe two or three seconds in the data. It
depends on how many probes are used and how the microprocessor is con-
figured. There's a piece of paper on the back wall. If you look at
that, it shows 128 cells reading out. It takes about 30 seconds to do
the whole thing. The time element is restricted by the speed of the
printer, not by the speed of the machine. That's why we've gone to a
new printer that has five times the speed, prints in both directions
and prints a little more data. We're talking about a concept. You
can change it any way you want to get data.
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EVALUATION OF A DIGITAL DEAD-WEIGHT TESTER

J.R. MILLER III and D. E. Woodliff
U.S. Army TMDE Support Group

Redstone Arsenal, AL 35898-5400

ABSTRACT static friction. The device is intended for

pneumatic pressure measurements. There were

Evaluation of a commercially available digital two pressure ranges provided. The dynamometer
dead weight tester is presented. This pneumatic has a full scale read,:ng of 60,000 counts with
instrument, using an electrical dynamometer, has a least reading of one count. Further details
been tested over its range and found to be very are given in Table 1.
linear. Several important characteristics were
tested such as hystersis, repeatability, EQUATION OF OPERATION
temperature effects and vibration sensitivity.
Direct dimensional measurements of cross- Since the dead weight tester equation* is
sectional areas allowed comparison with
manufacturer's conversion constants which was P = Mg (1- a/ o)/(A o 980.665 ( +1tgT) (1)
within 1.9 or 100 ppm.

and the dynamometer is simply a device to
I. INTRODUCTION measure the force where

Why a digital dead weight tester? What's the F = Mg (1- a/ b)/980.665 (2)
advantage?

which when applied produces a number of counts
To answer these questions one must be familiar hence
with dead-weight testers--they are accurate
standards for pressure measurement; however, P/counts=F/(Ao(14))=C/(I+AT), psi/count.(3)
they are manual instruments not capable of
interfacing to a computer. Provided with the machine is a set of six I Kg

weights, Class S2, very accurately known so
Since use of the computer is desired it would be that periodic checks can be made on the force
good if a dead-weight tester, dt, did have a measuring dynamometer.
digital output; one has recently been
offered 1 . We have bought one of these III. EXPERIMENTAL RESULTS
instruments to see how good it operates.

A. LOW PRESSURE PISTON-CYLINDER
This paper will present the results of our
evaluation. Using values provided by the manufacturer we

compared the instrument (cross floated) with a
A simplified description of the instrument is pneumatic dwt 3905, P534-(21055). See Figure
given in the next section. 2. The results were not satisfactory. This

lead us on a journey to find out why this
II. GENERAL DESIGN difference. The first thought was to check the

dynamometer more thoroughly, i.e., check it
The device uses precision piston-cylinders that between the 1 Kg points to make sure it was
are closely fitting to establish the cross- linear between these points. To do this 4e
sectional area exposed to the pressure to be used up to 77 weight combinations using the CE_
measured. The force caused by the pressure weights and the I Kg platters. The results
acting on the piston is measured by an were fit to a straight line using a least
electronic dynamometer (see Figure 1). The squares program. A plot of the residuals from
dynamometer not only measures the down-ward this curve fit would then test the lin(irity.
force, it also maintains the piston in the These results are shown in Figures 3 and 4.
"float" position. There is a digital display on There is a peculiar pattern to some of these
the front of the device. A small motor rotates residuals and some are more than +1 count.
the piston relative to the cylinder to eliminate This was not expected -- there was either

T Terms explained in Appendix.
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TABLE 1. CHARACTERISTICS OF DIGITAL DEAD-VEIGHT TESTER

Range

Pressure: Depends on piston-cylinders (0 to 300 psi, 0 to 45 psi)

Force: 0 to 6 newtons

Counts: 0 to 60,000
2) 2

Piston-cylinder (SN 269) A = 1.96106 n = 0.30396546 in (manufacturer)o22

Pistcn-cvlinder (SN 3397) A = 0.284414 cm2 = 0.044084258 in (manufacturer)
0

Temperature coefficient of A = 9 ppm/°C0

Piston-cylinder materials: Tungsten carbide

Piston-cylinder design: Re-entrant

Deformation coefficient: Insignificant (manufacturer)

A determination: Cross-floated (manufacturer)
0
Error limits + (0.005% F.S. + 0.005% of reading) (manufacturer)

Weights: Class 2, true mass values (manufacturer)

TABLE 2. PREDICTED COLU%7S V ERSUS ACTUAL COUNTS

Nominal Applied Predicted Actual Actual-Predicted,

Force Force lb f Counts Counts Counts

1 lb 0.Q98798 4535.80 4536 0.2

1 lbf + I Kg 3.201085 14536.97 14537 0.03

2 Kg 4.404576 20002.33 20002 -0.33

1 lbf + 2 Kg 5,403374 24538.14 24538 -0.14

K 6.606861 30003.49 30003 -0.49

I lhf + 3 Kg 7.605659 34539.29 34539 -0.29

4 K, 8.809q48 4(Ax4.6 4C0004 -0.65

1 lb1 + 4 Kg q.867046 44540.46 44540 -0.46
5 Kg 11.011435 5CX)05.81 50009 -0.81

I 1bf + - Kg 12.(10233 54541.62 54542 0.38

6 K1 13.213727 60005.98 60007 0.02
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something wrong with the weight values or the Ao=(Ap+Ac)/2 = 0.30396546 in2  (5)
analog to digital converter or force transducer
in the dynamometer was unlinear. which is within 1.9 ppm of the manufacturer

value. However note that our ability to

We designed a weighing sequence to see if the measure the dimension is 10 micro inches (=LD)
problem was the weights--used six 1 Kg weights hence since
and find slope of curve, then insert a weight
(the same weight) between each I Kg weight, Ao =-YR

2 --jb2 /4
find the residuals and see when the peculiar
pattern developed. This idea also had the IAo =AAn.1 (far/2) DAD (6)
feature we could use values for the weights
independent of the calibration laboratory since Ao = 9.8 * 10-6 in2

Slope,Acounts/mass = Counts/ mass = C2 - and the difference in Ao's is 1/10 of this.
CI/(M 2 -MI) This means we may have merely been lucky to

obtain agreement this close.
the added weight would have a systematic error
hence slope would be unaffected. Using this value for Ao  (at 20oc), our

pressure conversion constant is
Another way to ferret out this problem was to
presume perfectly linear response and plot each 2.2020305*10-4 lbs/0.30j9649 in

2

weights response--we tried both these schemes
but eventually used the latter. = 7 .2443579"10-4 psi/count

An application of six Kg mass (apparent mass The manufacturer gave a conversion con;tant of
versus brass, i.e., the buoyancy factor (1-'a 7.244086*10-4 psi/count which is different by
b) has been allowed for) produces a force of 37.5 ppm--we do not know why this difference.

M(1- a/ b)g/980.665 = M(1- a/ b)979.626/ (4) Comparing to a Ruska Dwt over the pressure
980.665 range 0.5 to 15 psi with one piston and above

this with another piston produces a very good

= 13.213727 Ibf agreement and is entirely satisfactory (see
Figure 5). Note the up and down runs provide a

which when placed on the dynamometer gave a hystersis test--and there doesn't appear to be
full scale reading of 60,007 counts. Since the any hystersis, to within the resolution. In
instrument was zeroed with only the weight all these measurements, all known corrections
table on it the slope of the line through these have been applied, air head, and temperature
two points gives corrections to each dwt; however, a constant

value for the bouyancy effect has been used.

4541.2623 counts/Ibf
Since the digital output format (and connector)

Now using this value one can calculate the was strange we never did get the device
predicted counts for a certain applied force. connected to a computer--all data was taken

This was done and results are given in Table 2. manually.

During this time it was discovered several B. HIGH PRESSURE PISTON-CYLINDER
problems in the mass calibration lab explained
some of the problems with a few of the CEC The other piston-cylinder goes up to 300 psi
weights, i.e., and has a pressure conversion constant of

(a) Some of the weights were weighed on the 4.99505*10-3 psi/counts
luw 10% portion of a scale.

given by the maker.
(b) The 4 oz and 0.3 oz weights taken to
another scale showed a surprising disagreement; Direct measurements of Ao produces the values
much larger than the error limit quoted--this given in Table 3, where the agreement is not as
undoubtedly contributed to the earlier peculiar close as the other piston, undoubtedly limited
results. by our dimensional measurement resolution.

'ased upon the very good results given in Table An intercomparison with the aforementior, ed

2, we decided to repeat the entire pressure Ruska DWT produces the results given in Figure
intercomparison with another better calibrated 6. These values are completely within
dwt. However before doing this we decided to expectations--the only notable thing is the
do a direct measurement of the diameters of instrument is considerably more sensitive to
piston and cylinder, calculate Ao and come up vibration. By isolating and taking pains with
with a conversion constant. Table 3 gives the the input pressure line vibration influence has
values from which we obtain been minimized.

17



TABLE 3. Piston-Cylinder Dimensions

Low Pressure Piston-Cylinder

SN 269 Cviinder Piston

Top 0.62212" Top 0.62210"

Bottom 0.62212" Middle 0.62210"

Bottom 0.62210"

A = 0.30396546 in
0

}High Pressure P iSt OTI- ini, ler

SN 33(4 Cv]in er ) 1)-, t ,I,

Top 0.23694" Top 0.23692"

Bottom 0.23694" Middle 0.23692"

Bottom 0.23692"

A 0.044088974 in-

A -A
oDI o-.Iny * 100%

Nominal

Low Pressure =0.00)19

High Pressure =-0.01

18
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Since this piston-cylinder is oil lubricated we
tried some lower viscosity oil and even used it
with no oil to reduce noisy readings; however,
we discovered most of the noisy readings were
simply due to vibration from the bench or input
pressure line.

TEMPERATURE EFFECT

We tested the dynamometer, with a constant
load of 4 Kg, in an environmental chamber from
!30 to 330 to see if it was affected.
Figure 7 gives the results. It appears the
dynamometer is affected by these temperature
changes even though it is supposed to be
independent of temperature change.
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APPENDIX

DEFINITION OF TERMS

P = Pressure, psi
M = Mass, lbs
g = Local acceleration of gravity,

can/sec
2

a = Density )f air, gam/cm
3

qb = Density of brass, i.4 gm/cm
3

Ao = Effective cross-sectional area at
zero pressure, in

2

-x= Temperature coefficient of expansion
of piston cylinder, parts per million
per degree

A= T-R, temperature of use - Reference
temp, °C

D = Diameter of piston or cylinder, in
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PISTON FORCE SIGNAL WAVEFORMS DATA
IMPACT TRANSDUCER CONDITIONER

MODAL

HAMMER

REFERENCE Ah4PLIFIER/LP FILTER CH .A

MICROPHONE j (VAR. GAIN & 8W)
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PRESSURE MULTI-CHANNEL
IMPULSE A/D

CONVERTER PERSONAL

UNKNOWN AMPLIFIER/LP FILTER COMPUTER
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STHRUPUT

DATA ACQUISITION
12-BIT AND

RESOLUTION
SIGNAL ANALYSIS

SOFTWARE
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FIGURE 4
BLOCK DIAGRAM OF IMPULSE
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The frequency retielot ion of the FF1I CalColat i on
is equal to the inverse of the record length
( samp le i nte(rval I ) It I I; nI e des ; rablIe for the
record to contasin a number of samples which is a
power of two. herefore zeros were lidded to the PISTON IMPACT
data rc;'irdi ti make 256 data point ; or the
eqoivalenrt of j 2.5'6 fi I I secon record. GENERATE
ret3,;toiw II eq ;aI freqiuericy re!o lot fuon of 390 Hz. PRESSURE
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DEVELOPMENT OF PROTOTYPE SYSTEM FOR THE IMPULSE CALIBRATION OF

MICROPHONES

Q: Bill Cardwell (GE, Evandale) : On the calibration in the first
part of your talK, you talked about putting an accelerometer on which

A: David Mullendore: On the piston.

Q: Bill CarOweli: Did you try putting one on the stable part also to
see if there was _nv reaction that way?

A: David Mullendore: No, that's a oood suggestion. We did not try
that. We used the accelerometer that was mounted within the piston
to try to characterize the movement oL the piston. The one set of
data we did extract was to do a double integration on the ac _ation
to get a m! thematical value for piston displacement and then to relate
this to the change in pressure within the cavity. It turns out when
we did that we were able to correlate the change in pressure with the
piston d4 ,nlacement to within about 20% error. That doesn't sound
very good until you co:-'de that we achieved this with a douzle in-
tegration of the accelerometer signal. Th-re was some high frequency
vibration in the accelerometer signal, as you might expect. Wizen you
have an impact, that tends to bias that displacement. We were able to
correlate to within 20%. This is over the full range of impacts we're
experimenting with which was from about .02 or .05 psi to about 1 psi.
But we did nct mount an accelerometer on the outer cylinder.

Q: Bill Cardwell: The data that was shown on the final chart, is
that with using the modal hammer or the ball dropper?

A: David Mullendore: That was obtained using the modal hammer, we
can't see much ditference in the data for a given impact level. There
seems to be little or no difference between the two techniques as far
as the results are conceined.

Q: Bill Cardwell: Your final thought on this; do you think this
provides you with an easier way of calibrating in the field other than
usinq the pist onphone?

A: David Muli.-ndore: I think that it it can be shown, and there may
be some more worK invoIved here, that the data totally correlates with
conventional Lechniques within the limits that are expected for this
type of calibration, which were plus or minus a half a dB, it's a very

quick method. In our work, most of the time was spent not with gener-
ating the data blu + with analyzing the data. You generate the data in

about two seconds, as long as it takes to pick up the impulse hammer
and mdke an impact, or if you want to make multiple impacts and
average the data, that takes a little b t longer. If you would write
special software that did the analysis rather than trying to use a

standard package which requires some interaction you'd have the
results in probably 10 or 15 seconds with a standard AT computer.
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From that point of view, I think it does lend itself to field use.
The speed with which the results are obtained is one of the things we
were after.

Q: Jim Faller (Aberdeen Proving Ground): I'm not totally familiar
with the subject, but I had a question about the energy level. You
weren't getting enough energy over a broad enough frequency range, and
I was wondering what your strategy was to achieve this?

A: David Mulle:-dore: The original stratzegy was to make the impulse
as short as possible, and I guess that still is the strategy. We may
be up against some fundamental limitations there. I'm not sure we
know for sure.

Q: Jim Faller: Did I misunderstand the question then originally,
that you weren't getting enough output?

A: David Mullendore: I think what I tried to emphasize was the dis-
tribution of energy throughout the frequency range that we were inter-
ested in, which was from essentially 10 hertz up to 5 kilohertz. It's
not a question of enough output but the distribution of the output.

Q: Jim Faller: So, if you narrow the range you don't have to worry
about distribution, is that right? You say the distribution is be-
tween two and three kilohertz?

A: tci'd Mullendore: If you would accept the one to three and one-
half kilohertz ranqe as that in which you were interested then we
wouldn't have t-o go any further, I guess. We're after a broader range
than that.

Q: Jim Faller: Does the modal hammer influence that in anyway: the
construction of the modal hammer, the materials of coz truction?

A: David Mullendore: Yes, as a matter of fact. We did not actually
have a direct steel on steel impact. There was about a four mil plas-
tic interface between the modal hammer or the steel ball when we
dropped it and the impact point on the piston. Without that we would
generate a lot of extraneous vibrations in the piston. They seem to
center around 16 kilohertz, which is outside the range of interest.
It didn't interfere with the work that we were doing, so the four mil
polyester, more like six mils, interface did suppress those. We ex-
perimented with other materials and other thicknesses. We're at a
point right now where we've kind of optimized that part of it, as far
as the weight of the modal hammer and the material, whether it was
steel on steel contact or with some kind of a dampening material in
between. We probably have some other things we can try there but the
results that you see are where we are right now.

Q: John Judd (Vibrametrics): In the last curve you had up there, was

that the ratio of the microphones?

A: David Mullendore: That was the frequency response of the unknown
microphone alone.
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Q: John Judd: I wondered if you had any coherence data?

A: David Mullendore: I did have some coherence data. We did some
work with coherence mid-way through the program and the data showed
about a .98 coherence up to about four to five kilohertz.
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ABSTRACT Providing more sensitivity information, the total motion
calibrator (ref 3-4) requires a large number of reference

The aenerea trend toNards ncreaungiy arge numbers sensors and at least six shakers to adequately excite
of coiannes ot sensors nas '.aced tremendous buroens and measure all six degrees of freedom. The TMC
or the calirator aspect of testing The need to functions to transform 24 measured linear accelerations
accurate'y measure rotational degrees o? freedom alo (8 triaxial reference accelerometers) into the primary
generates n;,, orc boems ,/th conventional calibration rigid body accelera!ions oi the platform. A simple
methods lro ar eftor !o solve these problems, two novel geometric transformation then calculates the exact
°ai;oraton Sv£mS are under development at the motion at the base of each transducer under test (ref 5).
Univers~tv of CicinnatiLlti.z.ng the simplest and most This allows the MIMO estimator to produce the sensor
intuitive of ari .r' ctures. *he rigid body, the calibrators sensitivities.
can oroide cuicker calibrations and total motion
:rforrnation. Facti, c.i:brAtcr relies on the underlying
assumption .; he rea.ired sensor outputs must SYSTEM CONFIGURATIONS
resut from mta' on -ons-sting of some inear combination
of the si, 'nia n ai -o, bodv modes However, Fast concurrent calibration platform-

~e/nd ts pn so },- r ':!tator uses a cifferent
cn:,,ru.t, 1"n ar'I sjt:o, netrio to achieve its end The neart cf the calibration system consists of a rigid
resjlt. Tn e fast concurrent caibratior ,FCC) method platform which connects to an number of electrodynamic
calculate, :,ast squares type estimate for the primary shakers. An aluminum alloy block milled out in a waffle
axs of si fr to 25r6 Structce! motion sensors pattern to lighten, yet still retain strength, forms the 12

t c tr' Sol,',g an :.verdetermreo multiple-input inch by 12 inch by 2 inon, rigid platform. A number of
m:j!ft e t MI,:I, poblem. the total motion iterations of finite element analysis provided the basic
-. cr-to- T'rC ,es 24 reference accelerometers arid platform design which has its first resonance at 1200 hz.

. ,, ,2ometry - th platt rm to caiculate the As stated in the previous section, the calibrator operates
mat~ -. le uIcoticn oQ 'he test sensors. Thus, a on the assumption that all measured motion consists of

t -Sun cr .. t:LA ca!- )!? calibrated against any or al! a inear combination of the rigid body mode shapes.
.?f we s < D r- ts The true rigid body motion frequency range extends to

about half of the first resonant frequency. Hence, the
useable frequency range of the present design extends

INTRE ,h ID J ,- , to just about 600 Hz. Future designs of the platform will
include ultra-stiff, light-weight composites to greatly

The f..t cco.ie: .r.. on system provides a quick extend the useable rigid body frequency range.
anc e,.r cral metnoo for batch processing
nalO'auoos. S ,c , ; t * prinmay axis of sensitivity is Providing mounting for the Structcel motion sensors (ref
npeeer in co.;t measureeit applications, the 6-8), a grid of 256 mounting sockets occupy the surface
colibratcr's 4;,fctCr means n-d solution algorithm of a printed circuit board. The two layer board, which is
have been optimized to rrod-,ce single axis calibrations rigidly laminated to the platform with epoxy, conven-ntly
for a large n.nbper o, :;ensors in an efficient, cost routes the large number of signal leads (3 per sensor x
eff.tivc manner ' FCC system functions to 256 sensors) from the mounting sockets to multi-pin
*rcnsfo,-r, the irr -e sg;ias frnm an array of rrotion connectors at the edge of the board. The array of motion
sensors tnte a tes' fit nq(I So.'dy motion (ref 2). The rigid sensors report the measured motion which will be used
body motion id the -esors geometric Iocdtion then to determine actual combination of the rigid body
dictate tI-e sr-co;or appropriate sensitivity. Traceable modes The entire platform rides on soit springs with a
sensitivities are referenced to precision quart7 s,nsr)rs system resonance of less tnan 10 hz. Sixteen ribbon
and ip to 256 Str.uctnel motion sensors can be cables carry the signals from the edge connectors on to
calibrated at a q:nqle t me



the Data Harvester which provides the necessary signal with uncorrelated random noise are connected in pairs
conditioning (power, gain and low pass filtering) for the on mutually perpendicular faces. This drives the cube
Structcel motion sensors. into random vibration along all three translational axes

and about all three rotational axes. The random noise
Four electrodynamic shakers attach at the corners to sent to the exciters is chosen so that each of these six
vertically excite tne platform. Each shaker can be set in degrees of freedom of motion have approximately
phase or 180 degrees out of phase in order to create the uniform ",;'ra'On over the calibration bandwidth.
different forcing vectors needed to guarantee a solution.
With only vertical excitaton, the motion of the platform Utilizing the spatial sine testing system, the shaker
must consist of vertical translation and ihe two rotations configuration remains the same, but excitation occurs at
in that plare Accordroy a '"ln!mTm of three a single frequency. The shakers must apply a minimum
independent torcino vectors ',s: be appljed to of 6 inoependent forcing vectors at each frequency step
guarantee a calibration li tion We assume that the to guarantee sufficient information for a solution
sensors do not measure in the other directions thereby Practically, additional forcing vectors increa.e the data
fucsing only on the pon-ra;,; s of senstvlv set information and provide a statistically more precise

answpr
Total motion ca;orator i -tcrm

A 6 inch cuoe conist,,c- ,;c a ha:g,aohie aroinate MATHEMATICAL DEVELOPMENT
then filled w tO struc'urra a or, cies toe ,rounting
platform for t- sv e-m '4-*r'i we'nhi ihan tOe The _,aie eauation iorms itie oasis for each of the
aluminum a,. t ., e t",u or aye < as a r ,a ooy to calibration solut:on algorithms. The measured signals.
nearly 1 Knz. bat has a smal!e' surlace area for scalee by some sensitivity vector, must equal the active
mounting test sensors T, ) Symmetr;c gaometry of the modes times the modal participation factors.
cube makes it -,.h ro, s tat fo oom eitaton
in all degrees ot freedoi I I = Ik) (

In order to meas,:e ,h, -onpiei i notio-l c! tne block, at where. [X],, diagonal matrix of measurements
least 6 refeeree sensc s -re needed. Since we willusc only tronstonr< .a.c' k_!r r-F msthus. onl .T.asrai th1ese mnust be {S),x transducer sensitivity vector
spatially distributed ancr oriented ,n o manner that allows
measurement of al three rot atos One possible [GI,, 3 rigid body mode shapes (G, G Gil,)
configuration ,, tu . - ,-dor-.ion at one r
point. baxial !ciee l'< . . r mOot ia orections parcipaton factors
perpendicular to the !ii e ,'ecr, these two points, and k m
a uniaxial acceleration at a third point in a direction n = number of measurement channels
perpendicular to the plane containing the three points.
This represents toe rmin;mum configurar on needed for
all 6 DOF lrese -ceeometes wi he called the In expanded form for N measurement sets,
reference ,-cc-elemeter, because they act as
cahoration -.anua:c 4or tie cahOrator process, and iS
they are themefcre calibrated nv standad means prior to X1 G 0 0 01
use on the platform. k,

X2  0 G 0 0
Housed in the corners of the cube, the use of 8 triaxial k,
accelerometers gives 24 reference accelerometers on X3  0 0 G 0 0 (2)
the platform four times the minimum reQuirement. The k3 =
resulting redurdincv , r, neasutrin the motion of the 3
platform provides two advantages: !t allows averaging of
the 24 measirements wi calcjlat nq the six degrees of
freedom of the niatform'-. motion. and .t allows deletion I xN o 0 0 G k,
of ore or more roierence ic:elerat ons from the process
in toe case that the corresponding measurement
channels are not functio:ng properly at the time of the The benefits from working with a rigid body result in the
calibration [he caliorat:on alcc rithm uses a least- simplification of the G matrix The translational rigid
squares method for th'e -wvnroa. qg This averaging body modes can be described with zeros and ones
provides the usl.:, of a ti.er iesolution of the while the rotational rigid body modes need only the x,yz
motion, a reducthco r atum errors, a correlation geometry witn plus or minus one weighting functions.
coefficient that ndicatee, the reliab!itv of the inherent Furthermore, the calibration range is not limited the
assumptions im toe n-s-ad irC .reator confidence in rigid body frequency span of the platform If so cesired,
the compued r, ui' analytical estimates of the first flexible modes can be

adjoined to the G matrix to extend th coabration
The exciatior, metnhod varies derpending on toe frequency range
measurement leunnique utilized Wher testing wth
conventional broad band techronque, :.x shakers driven
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Currently, two aVotw sfa'Je been developed to solve the Euclidian norm of k. By moinimizing the error with
the basic equation i c FCC syster-. The first respect to K, we can set up a Raleigh Quotient type
algorithm dev'elops aRov-leiqi qu~otierit and reduices the problem such as,
equations to a directly solvable eigensoltiin. Itie
second algotin implements an iterative least squares \ B]
technique to perform te eicjensolution Both algorithms r s. u

assume ~ ';l la h lturiecives verticai excitation from E:'Bn
a nmbe orShaers Ex-tirtg oniy three rigid body mi(6)

modes Itransiatior maopiaoer rotations). this IK ([S1
- cnfigUratio s. ;'n.ruin pUt aiong the I j K' I

sensitive ax: ll( it 'he -nverall calculator, by
requiring " he Ci mri*,x

Ulsing ~ h ,i(ni liations as thle iterative where,
techniqute, ti;c I M( ocorporates the known- sensitivities T
Of the raerence accelerometers and calculates the best A Xi M X.
rigid body'; wtr ;- oi ctrjnzformatio in ah 6 CO0F. A
secono gpoir-, trc iiarls'ormatic-1 provides the exact
motion at the hoR i the test sensor. Finally, the
algorithm a~u 's mu "ple-!nput~rnultiole-output iGIXMI..XMG
fregLeony \, rc-l -., 1A .A1. to det(; m-ine the sensorsL
output rosp(.cuSu SSOSI , v :". t!a(r1 Of th;, 13 Calculated
inputs. I IG IT WiJ

FCC direct .ciutior.
The physical interpretation of this is to minimize the

Reformuiarrwg :v>. ;u i . ,ee is t, e minimal numbe -r of strain energy while maximizing the kinetic energy.
equations fc<- tire 'me,m f I Iknowns (S and I'k} Since we know that the structure is a rigid body in ';i

frequency range which we are exciting, this minim zation
N ~ technique shoulo result in thle best fit of the data.

I K 3)The kinetic energy term is strongly related to K (the
* :,- (3)' modal participation factors of the rigid body modes) due

to the fact that the Euclidian Norm of K is a direct
N, function of the coordinate system's velocity squared

(unity mass or symmetric mass).

whnere, the m-,f'o nicite tie r..easurernent and In order to view the error terms in relation to the internal
assuciated 0 da-i pfaip1 c. ctors fo, the respective strain energy, we must look at thn error term in a
forc:rg patte-rir f ,s r-?orf-,e'it- tho minimum number of djifferent perspective. As was stated earlier, the error
measuremnents, r-lv f~ )li r the sersitn,,,1es. terms are the result of inconsistencies in the sensitivites,
There must hi . ti'. .''-' oqualtoa: T(r ea,-h tolid Lhody Alternatively, this error vector could be thought of as the
mode -xciert klop e 1entnay bei used ano result of unaccounted mode shapes. These
will r-' I i~ t ui eetae unaccounted mode shapes would not be rigid body

modes and therefore resL !t in internal strain energy,
ire ~ ortI KU~xiun a. se from the wh~ch currently shows up as an error term.

nco i ; t oetw e-n the var~ou.~
oa-a -i t: I inil. 1/e ii order to Obtain Given these physical inferpre~tations. minimizing the
the hor'' '.', vtc fu ortegie layleigh Quotient tends to make sense since under

oier, .e re iroatrn e-- w normal operating cnicumstances the structure used for
re;3ctI ~M n o e ninCa! calibration should have no irnernal strain energy.

lane.Reformulating the above Raleigh Quotient problem into
a standard Eigenvalue problem,

I,~~~~i fin. t)SlaiiS~K

Mo;.n.i . , . 'ryM -A (7)

~~K' 0tL

KI t



iqA B_ r Fe sinas o
H I _ i I ~~the diagonal matrix containing the measuesgnsfo

S K~ II S K ( (8) N different forcing sets and,

The solution of the Raleigh quotient prcbiem is now to =hicdignl[G

solve the above Eigen-pfobiem for the minimum
Elgenvalue and its associated Eigenvector. As can be with equal blcks Containing the geometry of the rigid
seen, this is a very arne Eigen-nroblem and must be body modes Also we know,
reduced. By expanding the equations we have,

IS! . I -l 1 I Ki (10) '.

and, whi~r, s the measured sgnal for each forcingcodtn
times the rigid body mode geometries. Now expanding
equation (14) into two equatiors,

whch reduces lo, [lifj(Dj Iki =0 (17)

I~iA1  iK A 12) and rearranging equation 1,7),

The above Fi:c,er, lrbe o, v is reasonatnly small 1k)= II)) C 1 1 IS (18)
(9x9" and the -so!. hon fL r the finimum Eigenvalue and
its associated Eig.,ec'Cr Con' ,- cptermined using9 one

of he evealEo~ ollo meri~s. hesolfonof where n is the nt':1 estmate ot the sensitivity vector. Also
ofth sbserai~ Egn olticr [ ,eih-v s The sotw use rearranging eauation (16),
and 1he Ei e-,vecl ' h~c_ ., !he s et cf modal
pariticpoation vectors 4a e'c Cl', ol ,-suiements To r.. Cfl(9

6;G1c, the s ens!- ites 1e .coai participation vectorS",- j'fC]k1(9

is back subst~tu',ea into equation. numot.,r 9.
Substituting equation lB8) info eciuation (19). the

FCI-,item v(-- s,, _,ion-iteiative equation is, 1 .

Eauation number 2, con~ !ce reoresen--ted r the, form of, S , 13 IC ID [](S ) S il 20

where the sensitivity is normalized to the first element of
' 3) the S vector. Though inverse oaculations of large

(1) matrices can be complex,' the matrices in equation (20)
are very simple because B is diagonal and D is a block

Setting ip !r, ec uatur, .n ieast sq ares form which diagonal matrix with 3 oy 3 blocks. The addition of a
minimize the cr'n) weighting m atrix to remove bad" sensors prevents a

measurement error from corrupting the best fit solution.

v~\ *, Setting initial sensitivities to one and using three
!*erations to clete-mine Itre basic sensitivity, the algorithm

and P*.zeros out any sensor with a correlation coofficient of less
and e~.tnian 95 percent , final 12 terations thpn converge very

B1 quickiy deliveing a stable 'alculation of the sensor

115 ensitivity.

The problem .r'wt :dteeesiinbrte TMC calibratior a'orithnr

7AHA airix The totalrmnticn algorithmi also begins with The r;gid

body equatian 1I ' However in this case the reference
measuremenis can be scaled directly due to the

VIX calibratC-d triaxai accelerometers in each corner of the
r, ne. The ii4t hand side of the equation can be

condensed i'.ovector, R, consisting of the measijred



reference translational accelerations. Including all six EXPERIMENTAL RESULTS
rigid body modes instead of just three, G is still a
function of geometry. The k vector includes the modal As published in a previous paper (ref 9), plots 1 and 2
participation factors (which are the six principal rigid examine the comparability of the rigid body calibration
body accelerations for a rigid body). Thus equation (1) method to a standard single sensor calibration and also
becomes, examine the effect of different permutations of subsets of

large number of forcing vectors. Both plots are

(R) = [G1 (k) (21) normalized to use channel 2 as the reference. Plot
number 1 displays first 32 relative sensitivity values for
the hand held calibrator and the rigid body calibrator, as
well as their differences. As can be seen by the plot, the

where, {R) 2 4xl =translational ref accelerations normalized calibration value for the two different
methods are very comparable. In fact, the first 16

G 24x6= rigid body mode shapes (6 DOF) channel are within one-half percent while the next 16
channels are within two percent.

lk)6} 1 = principal rigid body accelerations
(modal participation factors) In order to check the stability of the data reduction

technique when using different forcing vectors, the

Tc end up with the principal accelerations at !he base of original set of five forcing vectors (for one run) was used

the test sensor, the geometry is input with the origin as a base set. This base set was permutated in such a

located at the base of the test sensor. Setting up a way that the data reduction algorithm received different

normal equation of a least squares solution to utilize the combinations of three forcing vectors (required for a
unique solution). This resulted in 13 different force

over determined measurement set, vector sets from the original 5 forcing vectors. Plot

number 2 displays the normalized calibrations for the

(GIT{R) = IG [G] (k) (22) analysis set which included all permutations. The top of
the lower traces indicates that the difference between

( T T the sensitivity vectors generated by the permutations is
1k = L[CG[[] ]RI (23) generally less than four percent. This indicates that the

eigensolution is not overly dependent on any particular

Note that equation (23) is essentially the expanded set of forcing vectors or amount of additional sets over

version of equation (18) with known sensitivities and the required three. Any set of three or more

three extra degrees of freedom. The TMC algorithm independent forcing vectors provides a reasonable data
base for sensitivity analysis, but as usual a large set of

mirrors the first loop of the iterative solution and directly forcing vectors provides better statistical confidence in

determines the values for k. the results. (Channels 45-48 were inoperative due to

hardware difficulties).

Clearly, a weighting matrix could be applied to the left
hand side to judiciously eliminate any questionaule Plot 3 reports new investigation into the repeatability of

measurement channels. All matrix operation can be calibration values. Two tests performed a day apart with

performed Drior to testing such that a single the sensors in the same locations each time

transformation matrix, T. would exist to calculate the demonstrate a repeatability of less than a percent. A

principal accelerations, following test was conducted removing all sensors and
randomly replacing them in the platform geometry, but

(k) = [ri{RI (24) still referencing to the same sensor as before. The
maximuni variation between this trial and the two

_ T previous was about four percent with most less than two

where, alF WI! G( 11 J GI percent.

and, WI =weighting matrix Each of these tests has used the iterative tpchnioie for a
solution algorithm. To compare this with the direct

Once the principa; acce'erations have oeen determined, solution algorithm, a mathematical simulation was
created in a PG mathematics program and executed onthe estimated accelerations at any point can be

calculated by using a geometric transformation frorm the the raw data from the ,r,revious tests. A variation of

original point. This allows for the formulation of error around two percent in average sensitivity causes some
concern when the algorithms should deliver nearly

functions for the reference accelerometers and also iden vle s ne o ssb l res n fr te

concurrentidencal values. One possible reason for the
discrepancy may be the lack of a weighting matrix in the
current direct solution implementation. Two bad sensor

Using the calculated principal accelerations at the base chann ere ai solution o ssl

of the test sensor as inputs, a six-input/multiple-output cau n e dere nce in calibra tion values.

estimator determines voltage sensitivities to each DOF. causing the difference in calibration values.
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CONCURRENT ACCELEROMETER CALIBRATION UTILIZING RIGID BODY ASSUMPTIONS

Q: Jim Faller (Aberdeen Proving Ground): This is a minor point, but
when you were referring to a six-axis calibrator system, I couldn't
help thinking that using that term was somewhat inaccurate. Isn't it
six degrees of freedom, with three axes and three rotations. Why the
six axis designation?

A: Michael Lally: It just turns out to be the term that people
adopted. Someone wanted it to be the kinetic array calibrator; some
say six degrees of freedom. It has gone through a number of ter-
minologies. That's the slang term that held in our lab.

Q: Jim Faller: Let me ask you this; are you employed by the Govern-
ment working on a Master's Thesis?

A: Michael Lally: I am not employed by the Government.

Q: Jim Faller: Oh, you are with the University of Cincinnati?

A: Michael Lally: I am with the University of Cincinnati, and I also
work with PCB. I should say Dick Talmadge has an ongoing contract to
develop that six degree of freedom calibrator. But it had been drag-
ging. There was a very small company that it was contracted through
and actually the president of the company passed away recently, so
that development may come back into our lab just as a general project;
hopefully, to wrap it up. It was dragging or, equipment costs and
things like that.

Q: Ray Reed (Sandia National Laboratories): I had a question about
the potential for increasing the frequency range of the six degree-
of-freedom test. I think that you had indicated that you are able to
maintain rigid body conditions up to about 500 Hz?

A: Michael Lally: Yes, 500 Hz.

Q: Ray Reed: Do you have any feel for what the range is; how far you
may be able to extend this someday?

A: Michael Lally: This is something that we are currently working
on. We've got the SDRC IDEAS work stations in our laboratory and
have personnel up to speed on this so that we can produce our models
rather quickly now. One man just went through the design of a shaker
table stand for NB Dynamics, which was a couple of feet across, and
they were working with frequencies around 2100 Hz, but they kind of
fudged it a little by saying that their accelerometers were going to
be mounted at the center, and the first mode has a node line across
the center. So they cheated a little bit and said "That's not going
to affect it." We are hoping that with the advanced composites
(exotic carbide graphite), and things like that coming out; I would
like to get up to a couple of thousand Hz. Again, being that we are
working with a complex structure, that is going to be one of our major
limitations on the frequency range. Just with the aluminum block, we
are hoping that we can get beyond aluminum or maybe switch to mag-
nesium, or something like that, up to a thousand Hz range.
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Q: Tom Rogers (Airborne Test Board, Fort Bragg): Is your linear
force actually eliminated or is it such a small value that it is in-
significant to your testing?

A: Michael Lally: Linear ..... I am not clear on your question.

Q: Tom Rogers: In your slide you said that you had eliminated the
linear force on the vibration testing?

A: Michael Lally: Now what we are doing is exciting with six
shakers on the six degrees of freedom and measuring the resultant up-
ward motion of the block. There are both linear forces and rotational
forces. We are putting it in motion, using linear force in all degrees
of freedom and then we are measuring the rigid body motions of the
block with reference accelerometers. We are determining the transla-
tional measurements and applying a geometrical transformation to get
our rigid body rotations, and then we are saying that this is the mo-
tion of the block. I don't know if that clears it up but we are not
measuring any forces on it.

Comment: Pete Stein (Stein Engineering): One of the fringe benefits
that you get from the proposal using a sine wave and being able to
slow down the rate of frequency change as you approach your resonance,
and almost totally avoid the so-called swept frequency effect, where
you would get wrong data at your resonance if you swept through it too
fast.

A: Michael Lally: We are using a step sine approach. We are dis-
cretely stepping through a frequency. We can adaptively control all
of the aspects. It helps so that we don't destroy whatever we are
testing. We can reduce our levels.
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LARGE HIGH EXPLOSIVE DRIVEN FLYER PLATE TECHNIQUE
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This work was sponsored by the Weapons particular gage type had been validated in a

Laboratory and Defense Nuclear Agency under well-controlled validarion exeLimLet.
RDT&E Task Code RS RD, Work Unit 00073, DNA
MIPR 87-577, Program Element 62715. The Weapons Laboratory (4L) has developed the

large explosively-driven flyer plate technique

Approved for public release; distribution is for evaluating arid validating the response of
unlimited, stress and motion instrumentution in a variety

of geologic materials. Thus far, the
INTRODUCTION technique has been applied to dry soil and

rock geologies. The technique for dry soils
There has been a long-standing need for a is very well developed and several validation
means by which the response of stress and experiments have been cnnducted. The
motion instrumentation designed for fielding technique for rock geologies is under
in cratering and groundshock experiments can development and several small :ale
be experimentally validated. A high quality exploratory experiments have --en conducted,
validation would reqaire that the

instrumentation be embtdded in a geologic This paper will: (1) describe the flyer plate
material of interest and subjected to stress experimental technique, (2) describe the

and motion fields representative of those in theoretical model for the dry soil flyer plate
which the ,. -: ant'tion is to be f!- ded. technique and. (3) prsent selected results of

In addition, a true validation would require dry soil flyer plate experiients.
that there be some independent means for
relating some measurable standard to the
actual stress and motion fields produced in DESCRIPTION - SOIL FLYER PLATE EXPE"IMENTAL
the validation experiment. TECIINIQUE

It is generally accepted that if there is an The experimental configuration for the dry
overall consistency and agreement among many soil flyer plate technique is shown in Figure

gages of different kinds (stress and motion 1. The primary diagnostic instrumentation in
gages as well as different kinds of stress the experiment are time-of-arrival (TOA) pins
gzages and different kinds of motion gages) located immediately above the soil test bed
fielded ovr, r a range of environment levels in surface for determination of flyer plate
a test event, then one can establish a good impact velocity, TOA switches f-r tle
level of confidence in the results (especially determination of shock velocity as a function

if they agree iith someone's prediction of depth in the soil, and soil strain cans for

calculation). This internal consistency the determination of peak strain as a function
feature of the results provides a kind of of depth in the soil test bed. The explosive
validation. This approach is appropriate and charge is initiated with a multipoint firing
is an essential part of any posttest analysis. system where the spacing between initiatioo
In general, however, traceability to a true points is not greater than the charge
;tandard (other that time base) is not thickness, The quantities of explosive needed
available. Thus, the credibility of the to produce the desired plate velocities were
results is always subjective and the degree of determined rusing Curnev o-quation (Ref 1.2)
subjectivity is dependent on the consistency predictions and the results of a series of
of the r(sults - which is not always good. plate velocity calibration exp,,riments using
Pretest validation experiments in which small plates A polystyeone foam buffer is
traceability to a standard is provided would placed between the explosives and th flyer
add greatly to the credibility of the plate to prevent sp=llation of the plate In

instrumentation systems fielded in weapons our experimental program, we have determned

effects experiments This would not that it is important to obtain a F-d sel

necessarily eliminate inconsistencies between between the concrete nupport ting and the

gages but it would allow one to evaluate and flyer plate to preveni! blow-bv gases from

analyzc results against the Inowledpp that a trirgering TOA switches prematurely An air
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shock, which is driven by the flyer plate, is Solving for u in Equation (I)

compressed to high pressure due to
reverberations between the plate and test bed M fVf
surface and a precursor is produced in the u - f(2
soil. However, calculations by Southwest 

4
f + Psx

Research Institute (SwRI) and our own studies Note that through Equation (2), o~x) can be
(Ref 3,4) indicate that the precursor is determined by knowing only the preshock soil
significant only in the first few centimeters density and the plate impact velocity.
of the soil, after which, it is overtaken by Through soil shock TOA data, t (x). or soil
the main shock generated by the impact of the strain data, c(x), or by knowing the soil
flyer plate with the soil. model in terms of shock velocity, c, versus

particle velocity, u, the remaining parameters
One problem encountered was that following that characterize the stress and motion field
each experiment, the plate would be found with in the soil can be determined. Any two sets of
the outer portion bent upward. Bending data will provide a solution, thus, foe the
occurred because of the reduced loading from four data sets there are six independent
the explosives around the outer portion of the solutions
plate caused by edge rarefactions. This
situation was remedied by adding a guard ring Solution 1 using Vf + ta(X) data sets
around the plate which prevented coupling of
shear and bending loads to the center plate. Solution 2 using Vf - ((x) data sets
This technique was successful in eliminating
the bending pcoblem. Solution 3 using Vf + c(u) data sets

THEORETICAL MODELING - SOIL MATERIAL Solution 4 using ta(x) + e(x) data sets

The nomenclature for development of the Solution 5 using ta(x) + c(u) data sets
theoretical model for a iry soil testbed is a
described in Figure 2 wh.re conditions before Solution 6 using c(x) + c(u) data sets
and after impact are defined. We treat only
the onedimensional a.-pects of the The remaining equations required to completely
phenomenology in the theoretical development, describe the stress and motion field are
i.e., edge effects are ignored. In the actual
experiment design, consideratior. must be given Is PsXU (3)
to two-dimensional flow effects induced by the s

.he assumpt ioos I =s(X x )u

made in tl-e one- dimensi nal modeling are still g g
applicabl Results of two-dimensional (5)
calculat ions perfr tmed by SWRI mRef 3) s
indicate that in the central portion of the u
soil test bed, out to approximately one-half (6)
the plate radius, the flow field remains c
essentially one-dimensional, even to late -p CuMf (7)
times. Thi,; is due primarily to the confining M p

effects of the native soil outside the test f + psx
hed. lhus. the primary design eonsideration a cu(m + x
for determiniing plat, diameter is that it must - (f+ PX

De large enough so that all the Mf + Psx
instr rmentation i- the .soil can ne
oonverienitly placed inside a circle that has a where
radius; of one-half that of th, plate and is
enter,,l ii. the' ,oil t dst hod x is a gage location.

1
g 

is impulse at the soil surface,
"he total tronteiimm per u-it area of the flyer I

s 
is impulse at a gage location,

dlate is simply the ma s per unit area of the 0 g is soil stress at the shock front,
plate, M , rim,, its imp:ct velocity, V C is soil strain a: the shock front,
sinv, conseTvat'on of imPaItu and assuming a a is soil stress at the impact surface,
I ocki r sail mode no strain recoverv) , the anA
Iomen tutim pe' inf -i ,r a t soie time after o is soil str ss at a gage iocat ion.
p , at e impact, can he pi-essed ,,'; g

he locking soil model is the key to the
simplicity of this technique. This model

't asstes that the soil is compressed to its
4h, t-emaximum st rain state hv the shock wave and

that only an insignificant amount of strain is
* is the soil preshocked density, recovered during and after unloading A

result of the locking soil model assumption is
x is the shock position in the soil I that every soil particle behind the shock

relative to the impact surface. and front, as well as the flyer plate, is moving

at the same velocity. The time at which a
U is the sali patticle velocity hehind stress and motion state exists at any point in

tie shock the test hbd is determined explicit lV through
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the TOA data, or, if that is not availble, soil shock wave time-nf-ar-'ival and soil peak
t (x) generated through any two sets of the strain, to develop methods for placing the
other data (such as plate velocity and soil soil in the test bed in a controllable,
strain data). reperable manner and to validate gages.

Experiment FP 8-3 was the third 
2
.44-m (8-ft)

A review of strain versus depth data collected diameter test and the first to he extensively
in numerous dry soil flyer plate experiments instrumented with a full compliment of
suggested that the variation was linear. We diagnostic instrumen'at IoT. In addition,
assume the linear relationship shown in several types of stress and sotion gages were
equation (9) where C. and 0 are constants. placed in the test bed for purposes of

ii evaluation and calibrat ion MIPV data from
o= C Clx (9) the FP 4-10 experinieot were also selected to

0 show it's comparison with the model. Posttest
We now derive the functional form for t (x) measurements of two MIP' records from FP 4-10
based on Equation (9). Substituting for u in and the results of Solution . are plotted in
Equation (6) from Equation (2), equating with Figure 3 and show very good agreement. The
Equation (9) and then solving for c, we obtain rest of the brief analisis presented here

describes the results cf the FP 8-3 experiment
and compares those resa] ts with the

c- MfVf theoretical model presented above. Diagnostic
(Mf + Psx)(C 0 + C1 X) (10) instrumentation fielded in F? 2-3 is described

in Reference 6. Data obtained with the

or as expressed in reciprocal form diagnostic instrumental ion resulted in a good
determination of flyer plate impact velocity

I dt (M + x) (C0 + CIX) (474 m/s), shock front time-of-arrival versus
- - - a o I - I depth and p.-ak soil strain versus jepth. The
c dx MfV f nominal soil density was n5 kg/i- and the

steel flyer plat, was *.),2 cm -hick.

Integrating Equatioin 1I), we obtain Ground shock time-of-art ival versus depth data

-C 2 are shown in Figure 4 with a third-degree
= x CI4f 

+ 
c jp polynomial fit to the data. The soil strain

2>1 V versus depth data are ,iown in Fi,:rc V with a
linear fit to the data All data shown in
Figures 4 1nd 5 are for gage locations within

+ ___ 1" cornstant a radius of 0 61 m fro the centerline or tite

I+ test hod.

2 3
r, - ix + B IK, + 11 (12) Since three independet set s of data were

obtained C!, t x) , (xl, there art- three
wh e "

B0 - 0 Clit unto constant) independent solutions icr determining the
stress and cot ion fields in the test bed. The

] . _ solution dtta sets used will be referenced, as
before, in the followi nr, way

Solutiton I ,islng V, + t x) dlati sets

Solic ion 2 usin . t xi data sets

- 5 Solu: ion I kini-rl t (x) f ix' data sets

M VI . f !"

Solutions 3- *dtl C- it ol c u) which was
[cu.i' I is simpl; a thuid degree not deterairel , 1irdeptI te!V in his
pol n-) ia dtcse cOIfic Ient ; call be experime:t

detei i1 n, xp i- z ly in terms of the

pat i tIc i indi, -,,d or t ,t ( It se of a polonomial Fig:u!.s 6. ' 8 and I It.crib the and
r.gre.isio < Pt-oi -.iat ipplied to the TOA data. motion f ield in the t s , d fI r he threer

solutions idicateA. * -' .' ,,it h anti slow the
S Il ,d

1
t l e I x-l W nt of the theoretical atter uation of peak 1,,i it , ,- I loitv and

model a, il I s a tull development of the stress with depth [I n i lr 6, solo ions I
scali, i. -iirionslip. are pt-sented in and 2 are ideptic,,. iot .'elocitv versus depth
Rk feren,'. The highei velocity iidi it,d , solution .',

should be treated with less soo jid.( 1'e than
EXPFP.IMENTAIL Pi!II.'S DRY SOn . r EO O;Y solut ions i acnd 2 Alit i. .:Ir, dot I". i[ed
TESTBED dirt.ctly fitm tilhe molt 1,711i -quit ion In Figure

7 at .epths below appr,,iiiatev () l0 wI (s ress
Ei,ht 1.72-m. fI"t I .-" anod on I O -in below r0n Ml>,, ,0-, t i, nI Pl, at is
diameter flver pIt-. , 'txpe i-it' were ons- ped butween ail th:ee solltionls. Soil

rond.cileduring th, dewilapmt t phase of this particle velocity vet -us time is shown in
program. lie objectives oh te5., e p trieits Figure 8. The time hi,,t rv of parti, le
were to de,-lop tho fl',ii plAt. la-inch veloitv at senne depth. !,:- instance at a
*e~chi t . ldevelop d i g irumentat ion velo itv gajv- In, itio i. -it he det-erminei by

for the 'ea:;urement of pIa'- ircpac velocit-.

49



CLS

cc-
a -

tr£

0

LU

CC



S2. S

0
a)~t- <M>

F ICURE' 4. Ground Shock Tiasa-of-Azrlval vs. Depth, FP 8-3

-T --- r

44

)K*

.15X

.1W

C- X

0 L
0 2 .4 . 8 1 >

Deapth- Err,

FIGURE 5. PsL Strala vs. Dept. FYP 8-3



600 r

SOC 0 .- AT L ELOCSZ 0yv -ro <S OL"4.

OL*TW USLOC1TV ^NO 6TWM (CMM. 21

S-AI Ob- TOO*Z C 70* *. 4),

4-

C-

1 00

0

0 .2 .4 .8F
Depl-h Cm)

FIGURE 6. Peak Particle Velocity Vs. Depth, F? 8-3

a00 0 . .

1 600 - EOCfT %Pffj TO^L~~T A < 70 (M.I

t-O PSk L.LOCIV AMDC OT0^IM (S*o.P. M)

-- TAt4I AN TO^ (COIN. 43,

0C 1200

L/n

.~80 0

400

0
0 2 .4 .6.

Deptt- Em)

FIGURE 7. Peak Stress vs. Depth. 1?P ro-3

52



3O 0 - , • -- -,---rT ... ? ..

S: - PL*.A UL OC I TV .--. r -ICA H # I

. -PL4TI V .LOCITV -* 6 BTRI,14 I 4 -L~-

E

400

Dr)

0
- S00
CU

T 
200

--

C-

0~

1 0

T i npa C mnsI

'ICURF 8. Particle Velocity vs. Time. FP 8-3

4 0 0 , . -. " r1"-'r--

300 -PLATU 'Ctl OCITY I4 TA %SOL". I)

- -- PLATE UCLO ITV .- 4 STPIPIN (tC14N 8)

-D ^NIM~o Yr.* <GOLM 4)

Co0

. 200
Ln
Qj
C-

100

0 ... .. ,-... I

0 .5 1 1.5 2
T i rn E ry)s I

FI(Ukf 9. Soil Stress vi. Time at x - .381 a, T? 8-3

K3



simply noting the arriv-al tirac of tint shock ACKN;O'W' FOGMENTS
front at that dept-li. Again., below
approximately 0.10 mn in depth, the three Ed Seusy, through his, insight, gave hirth to
solutions are in- very good agreement, Note this corcept arid pr- dcii he'; gui dance a long
that stnce the soil is conside-red to he in t he waty
rigid hody motion hehind the shock, motion in
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"Performance Evaluation of Piezoelectric Accelerometers Using a FFT Based Vibration
Transducer Calibration System"
Ernst Schonthal and Torben R. Licht

Verification (calibration) of the useful frequency range of a piezoelectric
accelerometer, are traditionally performed by the point-by-point method or by the swept
sine excitation method.

With the point-by-point method time restraints normally permit only a limited
number of points to be verified, whereby irregularities in the sensitivity versus frequency
are easily missed. With the swept sine excitation method limitations in penand sweep
speed may result in poor resolution and important information may be lost.
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PERFORMANCE EVALUATION OF PIEZOELECTRIC ACCELEROMETERS USING FFT BASED
VIBRATION TRANSDUCER CALIBRATION SYSTEM

Q: Ray Reed (Sandia National Laboratories): The part I missed in
your talk - you are applying the FFT - how were the accelerometers ex-
cited and to what G level; were they excited by impulse, or were they
excited by random excitation?

A: Ernst Schonthal: Random excitation and at about 2 g's.
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DESCRIPTION - PREAMPLIFIER/DIGITIZER the down line. When the count up line of

the logic section is made low by the
The signal conditioning circuitry of the action of the window comparitor, a free

DCT-521209 provides the two telemetry running astable multivibrator clock is
channel outputs; the step output, which fed to the count up section of a 5 bit,
yields the whole G increments in steps of full binary counter. The action of the
0.156 V/C and the vernier channel, which count down line is similar to that of the

yields the magnified, fractional G levels up count line; when the 0 V comparitor
which vary from 0 to 5 V, depending on the 6oes low, the clock pulses are routed to

step level and accelerometer signal. the down count line of the counter.

The operational sequence of the DCT signal The binary word of the counter is fed to
conditioning circuitry begins at the servo the input of the Digital to Analog
accelerometer, described earlier. The converter which generates a voltage
output of the accelerometer is fed through corresponding to the binary output word

a buffer/inverter with a gain of -1. The of counter section. The output of the
buffer effectively isolates the condition- DAC can range from a high of 5 V to a low
ing circuitry from the servo section and of 0 V, in a series of 32 discrete levels

performs a voltage inversion necessary or steps or 0.156 V/step. This JAC
for proper operation of the difference output voltage represents step output

amplifier. See Figure 2 for functional signal.
b I)ck diagram.

The overall function of the window
The difference amplifier consists of a comparitor, counter and the DAC is to
summing node at the inverting input of a quantize the servo accelerometer output
low noise operational amplifier. The into discrete 0.156 (Ig) steps. The

signals t- be suemied are the inverted quantized servo iccelerometer output is
servo output and the non inverted step fed back to the summing node of the

channel output. The difference voltage difference amplifier, thus completing the
generated at the input of the difference loop.
aimpl ificr is magnified nv a factor of 16.

This amplified difference signal SUMMARY
represents the vernier output of the DCT.

The amplifier is biased such that if the Columbia. Research Laboratories, Inc. has

servo input and the step output are devised and implemented a method of

exactly equal, the output of the amplifier reclaiming inherent transducer accuracy

is 2.500 V. When the servo voltage in a telemetering system. Attached in

increases to a maximum +IC level above the the appendix is a specification sheet

step output, the difference voltage of which defines the system as applied to a

.156V is amplified by 16 and added to the linear acceleration transducer. This

2.500 zero bias, yielding a 5.00nV full particular device has been fully qualified

siale , lutput. Conversely, when the servo for use in military missile systems where

-itput vol taze increases to a maximum -C ruggedness, inherent reliability and

I -v'
,
) h l ow the step output, the differ- environmental stan Ality are essential to

., I vo It a; f 0. I 6 ( a p I if i ed bv 1 6 mission success.

Itnl ubt r)c, ed from (or al , ri, i a Ilv ;dded
ti) th. 2.h 0 V zero bias, vieldin i a 0 V The technique can be readily applied to

oit put , any transducer that has a zero to 5 Volt

o u t pu t spa .1

lic -it ' i f the di;fference ampliftier
( ro Iri !t p t) i-; fed to thr input of

(- i, ,mn ir i ', o-. Th, window
cci ritc, r a i i' 1 Ilv cons ists of two

1 is inct volt i.u e c mpari t ors, one
r,f r 'ncred to 5.()) V ind the other
re e ncedt to near irouind potential

u , ti v',rn ior output reacheiv a 5,.)0 V
level , the ,utput of the 5 V compari tor
J', C from a normillv "hisgh" state to a

l.,w 'tal . Whn the vernier output falls
!),',,,' th .On V tripgger level , the out

IIt of th V C1Mpa it r re ft rn t 0 I t s
,,I, 1 h" stat . S -il ar ity, the operation
,, ! I_' r) V mtr it or is exact I V t Ihe m
:us th o t h " V comparI tar.

lh' o ttput if the window roi,.p r it t,r is fed
,, t 1 1, i " u t (etioc. Thue S V ,- mpir i tr

" I t o e t, t h, ip ino f t lie I I .
wh ] I , t I " V -,' mp i r it o r au t pu t i a fe( t o
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SYSTEM SPECIFICATION:

ACCE1RATION RANGE (base channel) -2
4
g to +

8
g (0 to 4.8VDC)

(vtrnler -ig (0 to 4.8VDC)

INPUT POWER +25VDC to +31VDC

300 .-A Max.

BASE C}ANNEL SCALE FACTOR 0.1563 Volt Steps/g

BASE CHANNEL BIAS 3.75VDC @ Og

V'k'!ER SCALE FACTOR 2.50 Volts/g

VERNIER BIAS 2.5OVDC @ Cg

ANALOG CHANNEL SCALE FACTOR 0.1563 Volts/g

ANALOG CHANNEL BIAS 3.75VDC @ Og

ALIGNMENT -10, Case To True Sensitive Axis

ACCURACY '0.2% Full Range

(Exclusive Of TeAperature)

ACCFEROMETEP SPECIFICAqION:

RESPONSE 0 :o Full Scale, 0.01 Sec Max

DAMPINC RATIO . .0 Of Critical, Min

W{<STERFIS !O.021 FR Max

RI! 'TIN !O.O(Ol FR Max

E,<-kpPATAgll IF? 0.011 FR Max

2. mVrm .x (0 'o lo2 .

0., I 5 Ai q SN;!'I' (J.0C'2 g/g M.,x
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AN INCREASED ACCURACY, DUAL CHANNEL TELEMETRY ACCELEROMETER

Q: Wes Paulson (NSWSES) : I think you've answered my main question,
that is, you do have one accelerometer but two outputs?

A: Robert Hartzell: Right.

Q: Wes Paulson: Okay and that's to protect yourself. The noise
source that you're protecting yourself from isn't any non-linearity in
the accelerometer but it would be in the transmission channels?

A: Robert Hartzell: Right, it's the link itself that's causing the
error or not allowing the inherent accuracy of the accelerometer in
the first place.

Q: Wes Paulson: What's the approximate dynamic range of the link it-
self that's causing the error or not allowing the inherent accuracy of
the accelerometet in the first place?

A: Robert Hartzell: The link that the Army was using was 250 counts
full range, so it was like 138 millig's of inherent accuracy and this
technique takes you down to about eight millig's and 32 g's full
scale. And again that's not the limit of the accelerometer itself.
That was the test data that they needed. The accelerometer we used in
the system has an inherent accuracy less than 3 millig's.

Q: Roger Noyes (EG&G) : When you mean accuracy, perhaps do you really
mean resolution?

A: Robert Hartzell: Well, resolution and accuracy basically is a
function of the suspension of the mechanism. Different manufacturers
use different mechanisms and that's what they market.

Q: Roger Noyes (EG&G): I'm referring more to pr t:_.., 'hdi your
particular unit because it sounded to me like you were increasing your
resolution thereby increasing your accuracy based on the inherent ac-
curacy of your device. But it really sounded to me like you were only
increasing your resolution of the system?

A: Robert Hartzell: That's correct. You're not increasing the
resolutior. of the accelerometer.

Q: Peter Stein (Stein Engineering) : That system ought to bp ap-
plicable t), -the:r transducers and acc-lerometers as a general prin-
cipdl, dc y<,u have any plans?

A: Robert Hartzell: We offer the technique, in the paper we say that
we haven't Jon- it yet. But it is as I mentioned, anything that would
have a zero ro five volt span will be, applicable. And Columbia, I'm
sure. would w;I1:nq to off' r rht_ bo fo r a iiominal fee.



A MICROWAVE TRANSDUCER FOR MEASURING PISTON AND PROJECTILE

VELOCITIES IN A TWO-STAGE LIGHT-GAS GUN

L. Nappert
Defence Research Establishment

Valcartier

Quebec, Canada, GOA IRO

ABSTRACT tem for interior ballistic measurements is the mi-

crowave transducer used to couple the microwave
A microwave transducer has been developed and in- energy in and out of the pump and launch tubes.

corporated to a Michelson type microwave inter-
ferometer system. The instrument enables the si- First, this paper briefly explains the operation
multaneous measurement of the velocity of the pis- of the DREV two-stage light-gas gun. Then the
ton and projectile in the pump and launch tubes of experimental arrangement setup to obtain simulta-
a two-stage light-gas gun (LGG). The transducer neously the dynamics of the piston and projectile
is used to couple the microwave energy in and out is described. Afterwards the design of the micro-
of the pump and launch tubes, without interfering wave transducer is explained in detail and its
with the projectile motion. The development of electr4cal performances are presented. Finally

the microwave transducer, its working principi,,. some experimental results are shown and the corre-
as well as its important electrical and mechanical lation with other data obtained from different
chdracteristics are discussed. The signal condi- sensors mounted on the gun is briefly discussed.
tioning performed and the data acquisition system
used with the transducer on the two-stage LGG of PRINCIPLE OF OPERATION OF THE LIGHT-GAS GUN
the Defence Research Establishment Valcartier
(DREV) are described. Typical experimental sig- The DREV two-stage light-gas gun is schematically
nals recorded during firings of the LGG are shown. illustrated in Figure 1. The pump tube is about

The piston and projectile velocities calculated by 12 m long with an inner diameter of 256 mm. The

processing these signals are presented. it is launch tube is roughly 21 m long with an inner
shown that these results correlate well with data diameter of 110 mm. The principle of operation of

obtained from different transducers (pressure and a two-stage light-gas gun is explained in detail
strain) mounted on the LGG. in the literature (1) and can be demonstrated by

describing a typical launch cycle.
INTRODUCTION

The operation starts with the icnition and burning

rhe Defence Research Establishment Valcartier in the combustion chamber of solid gun propellant

(DRFV) is equipped with a 250/105-mm two-stage (first stage). The hot gases generated from this

light-gas gun c,pala of accelerating kilogram- combustion process drive the piston into the pump

class projectiles to velocities exceeding 5 km/s. the (second stage), which, in turn, compresses a

This facility is currently used for studying hy- light gas, usually helium. A diaphragm is used to

pervelocity impact and penetration phenomena under isolate the projectile from the light gas. When

controlled conditions. Recently, a detailed math- the light gas is compressed to a given pressure,

ematical model describing the physical phenomena the diaphragm ruptures and the compressed gas ac-
associated with tne internal ballistic cycle of celerates the projectile down the launch tube.
two-stage light-gas guns was developed. To vali- The piston is stopped in the area-change section
date this mathematical model and its related com- between the tubes. The high velocity is achieved
puter program, an experimental program was under- by the increased speed of sound in the light gas
taken whose objective was to measure gun perform- at the higher temperature. The physical limits to

ance during firing. projectile velocity are set by the speed of sound
in the gas and dissipative losses in the flow.

The displacement and velocity of the piston and The engineering limits are set by the stresses in
projectile inside the pump and launch tubes of the projectile, in the combustion chamber and in
two-stage light-gas guns are important data that the area-change section.
characterize their internal ballistic cycle. Mi-
crowave interferometry provides a useful method The performance of the launch cycle is controlled

for obser,,ing the motion of the piston and projec- by varying the amount of gun propellant, the mass

tile during their travel through the pump and of the piston, the initial pressure of the helium,
launch tubes respectively. One of the most impor- the diaphragm rupture pressure, and the mass of

tant components of a microwave interferometer sys- the projectile.
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INTERIOR BALLISTIC MICROWAVE INTERFEROMETRY time the piston or the projectile moves by half a

guide wavelength. This is due to the geometrical
The idea of using microwave interferometry to arrangement of the measuring setup. The instanta-
measure the interior ballistics of light-gas guns neous frequency f(t) of each sinusoidal function
is not new. In the late 1950s, Pennelegion (2) is obtained by differentiating [1] with respect to
used a microwave technique to measure piston dis- time (7)
placement and velocity in a hypersonic un tunnel.
Since that time, several laboratories 3, 4) have
reported microwave measurements of projectile kin- fit) A t --. o(t) = [2]

ematics inside the launch tube of light-gas guns. g

At DREV, a microwave interferometer has been de- where (t) represents the velocity of the piston
ployed in its Terminal Ballistics Facility since or the projectile. This equation is the well-
1982 (5). known Doppler relation. Its shows that it is pos-

sible to calculate the velocity of the piston and
Figure 2 illustrates schematically the experimen- the projectile by extracting the instanteneous
tal setup used at DREV to measure simultaneously frequency of each sin,,iddi function from the
the kinematics of the piston and projectile during interterometer output signal. This is done with a
their acceleration in the pump and launch tubes signal processing technique that estimates the
respectively. In the arrangement shown, both spectral content of the interferometer signal.
tubes must be viewed as waveguides of circular This technique is explained later in this paper.
cross section, and the piston and the projectile
as mcving boundaries inside the waveguides. One of the critical aspects of the microwave in-

terferometer measurement technique is the design
The operation of this interferometer can be sunima- of the microwave transducer used to couple the
rized as follows: The output power of the micro- energy in and out of the launch tube. The prob-
wave oscillator is split into two waves, one is lems of exciting waves in waveguides and of ab-
kept as reference and the other is used for meas- sorbing their energy are usually not simple prob-
urement. The later is sent to a microwave trans- lems. Our approach for solving these ones will
ducer which excites an electromagnetic wave in the now be described.
launch tube. This incident travelling wave propa-
gates down the launch tube where it is partially MICROWAVE TRANSDUCER DESIGN CRITERIA
reflected by the projectile which is designed to
be semi-transparent to microwaves. This semi- The design of a microwave transducer involves the
transparency is necessary in order to observe the selection of a number of electrical parameters and
r'tion of the piston in the pump tube simulta- its intented use in a gun environment imposes cer-
neously with that of the projectile. The trans- tain conditions on its mechanical design. The
mitted wave in the projectile propagates in the first two electrical parameters to select are
pump tube where it is almost totally reflected by
the piston which has its front face coated with a 1) the propagation mode of the guided electro-
thin aluminum foil. magnetic wave in the launch and pump tubes,

It must be noted that the path length of the two 2) the frequency of the electromagnetic wave.
reflected waves changes as the piston and the pro-
jectile move. Furthermore these two reflected The TE11 p-opaydtion mode is the dominant or fon-
waves combine by addition to form a single wave damental mode in waveguides of circular cross sec-
that is picked up by the microwave transducer and tion. That means that it has the lowest cutoff
mixed with the reference wave of the interfero- frequency f of all possible modes in a circular
meter. The reference wave is a fraction of the waveguide, which gives the best spatial resolution
original output of the microwave oscillator and at a given frequency. Furthermore the attenuation
this wave always travels a fixed path length. rate of the TE mode is generally lower than that

of other usabl'e modes (principally the TM 1 mode)
The output signal of the interferometer is given and its energy pattern is well distributed over
by a phase comparator which detectes the instanta- the waveguide cross section. For these reasons,
neous phase difference between the mixed waves, the TE ,, mode has been widely used in interior
From the theory of guided cectromagnetic waves, ballistics microwave interferometry (8, 9).
this output signal is ideally composed of the slim
of two sinusoidal functions. The argument o(t) of As the frequency of the excited TE11 wave in the
each sinusoidal function is given by (6) launch ti e increases, the spatial resolution of

the micruwave interferometer also increases which
(t) 7 • z(t) - 0 [i is a desirable feature. However, as the frequency

9 increases, the launch tube becomes capable of pro-

where z(t) represents tie position of the piston pagating other modes than the desired TE.. mode.
or the projectile as a function of time and i1 s lhe practical problems raised by multimode propa-
the guide wavelength in the pump tube or the gation are higher losses and distortion of the

launch tube. - is the phase angle at the rest interferometer output signal produced by the dif-

position of the piston or the projectile. Equa- ferent phase velocities of the several propdgating

tion [1] indicates that o(t) shifts by Z: each modes. In certain cases, this distortion may be
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severe and could greatly conipli iate tile anedyi SS t- to star je-d rio' to, wi thstand
of the interferometer output signal . Tn order- to rh ,trsj ore an- i-C i, -djti CC du.,e to the
guard against nitimode propagatlo , the frequency qu n.
f of the electromagnetic wave is chosen l ower
tdan the cuitof f f requency f of the TE_ mode ThIne transdu-cr toa t -a desigqned! -i 5. the above
which is the second possible ft propagatio 6K mode. c ri e-ri a in li nKd w il "I. ho e i-sc ribe-I
In other words, the frequency f0 is chosen in the

*following fre:quency bqod MIQP14AVE Tp'l DUE

~(TE :_E ~ V' UVny anAI C-2r - t~ .n we re devi sed
f j~ which -,n qveze bo '1d and tested

This relation cool a be e2.i--,5 sed 2'. tart e5 Se in adhor-atfJ7- /i ')I (0, to-' 3J '1 1jw1-yr XiSt of then
ra~l us r, of the launch tube '1, WIt -perten, -- ' lse they did -,;t i'eet one Oi-

mo(re 'C the required criteria. hr example the
r0.293t . -o 485 simpl es' tranc~jcc-r is ajined by emplo)yi ng a rod

Pu at righ* -nf to nek I dn axis of the gun
tbe and plaPO in ) Y in front of the mzzle

where ? aind 3r e rescct i v E:y t1he p e i-aah dIiity npn-i ' (j ' 1 hs osi rW -e concides with
and perai *t~hl'v of tee- rdim fillilnoi 1-,,'c1 a 1 ne' 4f 1,ctri- fielirnte-cwrty for- the t--an-
tube ai r). For a tube ;i, C" a inner iiar-eter a es P1 hec!_rem 'w.aneti vi , 3ni t type of wave110 ri, teO i oe arIt

Ben ri'xl i -e ,' 'j rod may be
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:z <2.t ',tiz : obta " a 7o.'- 0r "-, (ij transfer- into the gun

Because the radi,,s of tri-pe tue5s larger toe~
the radiu of the 'a'nch t 'hr, 14 ] inidicates tfcC Thi, S i'-'; r- ,rd j,.n~ tesiet. aring firings

mutod- r 1ition is possircl iC tvte first one J! t1C lijo 91s gun 1 rr as expected it does not
even if only the Ta rw, a',d Asic tn t .e launich demnonstra t e rtic reqij fl

1  echaiical characteri s-
tube. [he-e hi,'o r'moot_; if present, w;11l be J A-y( -t earn firing of the gun
gene-rat -d by the .dis trW rutty ri tetd by toie b y t he shOnti rng, tnie projectil 1e, pre
area-rodUCt i 0 Secrti 0o t, '-'Neel th.- tubes. ve~nti ng tP3 Yi-. ' tie veo ci ty of the

pr-Do ci c. ,uig 'tie irea cart of its travel in
The ti td el,- trrr rtcrns id- in toe the r 0 ,nc tde i' rtrtnen-et_ the rnchanical vi -
e sio Qn o f t hc i. t ' :) ma e t S' brat~ r .s pr..pali 1J rii n 'tic lattch tube wallI were
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3 t t, d r, '' t ir'c "'ij w reunyfcua
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-1d ng t 15.1 al 'Itv Ift he procesedi data. For
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thyl ene. This arrangement r'esul ts in a simple, di ftrrent irlrln ports rof the transioer with a six
rugged aod accurate method of supporting the cent- port automatic netwo6 analyser 114).
er conductor. There is an add it ionalI benef it
gained by filling the rectangular wavegjides with Tne best results wer;, obtained by giving to the
polyethylene. The cutoff frequency fc of the TE,5 opening of thie re. tin'ul jr iaveguides at the junc-
wave in a rectangular waveguide 1 . liven by (12) tion with tho ilunch t..ob, the configuration of a

__CF61 wide slot. The- o -timar dimensions ef the slot
)o~ 7  0 were dete rm red experi nL: ntal1 yf. Firtnermore, from

2a (w r a r c na n ica! point1 -)f 1;i ew, t hi s configuration

1n this -quatioin c is the speedi of light, a is presents tnoo advantage of reducing th e pressure of
the wide dimensiooi c-, the 4,Iveguiidc- and :r, the gas on toe, rc-an~~ij '' iVegzoi s.
respectivelY the relitive pe-lmeaihit.y and 'ala- It Alas deterwine rG!- tic tratnsducer configura-
tive dielectric constant uf thie miodi emn fill ing the Ic thtteT mo' ienl depsns
waveguide. In or,4e- to hav,! the -.ame f , equation tin thaunc the e. hrni ej- thon2.y iHz.d prs2.6
[6] shows that the ratio between the wide dimen- to 3. 6 Ghz , the TE-I mode is still Dresent but
sion of a rectangul ar waveguide filled with a die- most of thec ener7,y is rropagated :n toe IT E_ mode.
lectric ivsenjal to the wide dimension of a wve- From 3,.6to .1 ine orrmdsaedoi
guide filled with air most be equal, to 1/) nat chiirooe oe ar oi

S1). In reducing tnie required wide dimension of at
tne rtcta'iga .jar wa-veguid by filling it with poly- Fiun v,-,, t-e v'ltagje standing-wave ratio
ethylene, the thickness of the tracnsducer is also (VSWR) at ,n! o 'n t %'cci3l input port of the
reduced wh ih 2scans a reductioIn of its weight. transdocer. A S1 o' 1. ('14.6 d13) is obtained in

Hig orer mde ar se u~ intherecanglar the ne'ignbourhood 1,f 216 Gis 'which is in the fre-9ighordr iidesare et p 'I th re-anglar quency oand foar whir' oh ly tie TE mo-de exi sts in
waveguidic-s )y tie c-axial line to waveguide adapt- the launch Aao s l ightly better VS4R is reach-
e r bu t allI tnhese filkde; are beyond cuto*ff. The ed -it 3.7~2 '1hz 'ant it thi s frenuency there is more
leoght of the rectangular waveguides is chos'p than one miodes propaaiv i7 the launch tube.
such that i ' these modes are attenuated SUffi-
ci ently at the juncti on between the rectangular Figures 6 cod 7 nrobl tne conpancii on between the
wavegui des ind the litunch toe. The leoght of the power propagating ins- toe launch tuba and the
rectangulair waxeguioes sets the diameter of toe power rcidiated ou'.-ict - y toe muazzle opeoirig. At
transducer. 2.16 GHz there i s'cproximately 1.5 more power

prop ig,-ting in tne i in 1-h tube than radiated out-
Conventional imped,:nc iistcni ng tachriq'gues compat- sido. Pt some other -~oc the contrary is
ibl'- with the 4intI-der! use of tne transducer were observed parti-ularly at i1.72 1Hz which is tke
studi.-d to "aAirniz tfoo 'rans'r ol energyo from frequency at wri ci th,- i'SW) is i niniuINm.
the saicr'Iw3,e osc iIIa ir r! ~t the launch tube.
Once couple-d into the lauih tube, it is desirable Tels efrnnr IC n rndcri
that the tn;-qy pr cpaga-es in f"- TE mode toward chown '0 Figuire 8. *, :dic~as, reaivl low
the pumlp 'tf e i-,ted of being r'afated outside couplin neativey. lhow, e

tielunci -) ogv betl, o'ceong l~rter I iga' ir wave:gui les at
the~~~~~"l ue .i om-~o og rhn ~ . t 1o howe that loere exi sts a

mnore , the t , nel.'_ 1q go t1 qavegui1dos a re iiot strn ,oi g so;eit.- u in es
sto-icly mieedo4 il be somec energy

cpln ro lite a -ti1 i'oupl i ng ta in ral
*con sctwo 1 w xz ii i't Ile s iow as th r.rwv"' li; W, j qtranc'lu c l,, ihich wt --n -,c tnt0 tio c~oaxial

input, port- c'nd- tne wi u, t int'e rectangular
'0 '1 'i ' -n 1''~ PaHllg q avt_-u ide ooing I ri"l 'T-50icer i s screwed onto

I10 t o n1 wl' 1c r a the izz'T- rf '-h' ho" t*h a,, SLOwn in 0 igure
-mat s in inti on tee ~r- 3. , o 0 t rv 6" t so nq feuencyfo

r-afuso 2- .it o f t ,- 'r - the tn 3n .dkic i ''

ti '' a1i" I a I'e t T)i I rC i-w a ve A ' TA 'd'' i! S

eneg/i '' 1 n '~7he na ~ ft' 0'~i 1 i ot , t ignalI

ito-- ) j h Aici e " UIi " if !1 n r tqu irements
-~~~~~~ f a t' I r wx i .k a h o dn.. t-) lc~l t i Fo r proj ec t iIe
codi? inat or 'to t~n'uirvelocities il W wit! I lb GHz i crowa ve

I_ XC til a ion * 1 iii )t1 1' i 11 an AC signal
toe~o~ii ti.i ie uno .. whose frq-y zor.i' '"o to nearly L

':omi rod to thfo pw(n"31 outside, and kez il a l ..- tfl'r " 0 m-_

-the ci i liin, r m~' tw. 10 etaingo 301 ur i Illo tie lii' w t1101f orrseter Sche-
lay,;, I3'r~ C, raiIa Iy la ' d I 10 go; I The output

'ig )1 1 n 'i f' ! ;lktc ' i llipli fication
!hese ' w il A 5 *,_ "'Jmii1t ' ai~ C d 'i nl iJ I )J pa i I r ing is di "i tized in real
imit of tvoi' a'tr ng 1.()el c nt; (13 ) at the t ie lilt aY J 1 i a' t 'og-to di ,It11t (- non',er tcr

L eC roy ilt de' i,\ T,.( ,amnl I n ratce of the
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digitizer is chosen equal to 3 to 4 times the max- the piston arid the prejectile arc shown in Figure
imum _,xpected Coppler frequency which is deter- 13. The piston s h~t start time was deter-mined
mined by the muzzle velocity of the projectile. froin a careful examinationi of the an~alog data re-
The digit t zed data are transferred to an HP 9000 coed of the -iterferoieter signal. The projectile
seriEs 320 computer for processing. Because of shot start tine m ines from a first-order polyno-
the great importance and the high costs associated mial fitted iv the least squares mothod to the ve-
to LGG firings, the amplified inti-yferometer out- locity versus timre dataj. Fieoare 13 illustrates
put signal is also reco rded or; a Racal Store-7D how the 4it-,~ rapidly acceclerated by the hot
analog tape recorder in the caise of a digital p-opnilant jaaes. later decelerated ay the high-
equipment malfunction. pressi e liqot gas, awli finally brought to rest

befor") eniteri rg tlie area-reduction section. The
The dato processinJ is base, on nigh, resolution discI'ntmnL'i's 41 "1 ic nuty-tine c.,rve of the
spectral analysis of trie interfero~neter cu tput prj- I1e reoo ,te r ~i C hc
s 4gnal . In the ietno -d selected, called ttee oielch waves w'I n propag.ate in the light gas, at the
periodograrintlmoa 11) the interferometer signal sabc' -- rface. This urvo also i-ndicates that
is divided -into overlapping segiments () eoual t r)e :)iYioj" 1 a, s l1y i ts the I eunch tube witVI
length and an estimate, of "he spectral contact of j vel cci to ct aioiI 2- :P
each segrient is obtain-d I), .. p114'O or 'rFT algo0-
ri thm ( I . Tnc v-.ci*_ u f thc! riston and theC 'sP 1c,1_I*-j-. h",1~e rs Do the piston and
velocity o the prjetile are- eati-acted froin the tie projec til a~s, /'- ar :c tinf- d by intingrat-
peak pos-itions in airh , '-t' 'ricte and arc, i ng rire ly tle -es~ond i - vel)c ity -ti me

ca cl teS iite 1 The "i > ic~ m vesu tie cr r own1 i gure 14 along
curve is omaei' rt '. hp veliority ver- with o + tr e -~r tmin e n ti- rmr.l t br ga thered from
SUS time ck ve analt ys .ur e w,,ie r--, ' roduc(- -. y di ffereit
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A MICROWAVE TRANSDUCER FOR MEASURING PISTON AND PROJECTILE
VELOCITIES IN A TWO-STAGE LIGHT-GAS GUN

Q: Steve Nickless (Honeywell Solid State Electronics): What's the
material of the launch tube and does it have an effect on the perfor-
mance of the transducer?

A: Lucien Nappert: As for the launch tube, what kind of steel I
don't know. The transducer is aluminum. Up to now we fire the gun
with this transducer mounted on it only in its slow velocity range.
The maximum velocity we have obtained is 8,000 feet per second. We
have not yet fired the gun at 15,000 feet per second with this
transducer on it. We will have to do some measurement before that be-
cause we don't know how the transducer will affect the function of the
gun at this very high velocity.

Q: Jim Faller (Aberdeen Proving Grounds): Sometime ago I had some, I
would say, minimum exposure to the gas-gun. There was some infrared
technique that was being used. Are there other competitive techniq,
that can be applied to the measurement of the velocity once the
projectile exits? I just wondered with what are you competing with
out there in terms of making this kind of measurement?

A: Lucien Nappert: Thpqe -- urreznts werc madt tu validate czmputer
code, that was the problem. You could use other techniques to take
measurements for internal ballistic measurement like laser inter-
ferometry or something like that. But with laser interferometry you
will have very high resolution at the start of the projectile but the
doppler effect frequency is increasing so rapidly that you will have
some problem to recall the data and also with this technique I think
it's the first time we've measured the velocity of the piston and the
projectile simultaneously. That could not be done with other types of
measurements, like laser interferometry or something like that.

Q: Jim Faller: You call attention to the light gas-gun. Is there
such a thing as a heavy gas-gun that this technique would not be
adapted to?

A: Lucier Nappert: We've used this technique to measure the internal
velocity of an ordinary gun; but we didn't do it with this transducer,
we used a much lighter transducer.

Q: Bill Cardwell (GE, Cincinnati, Ohio): Have the projectiles that
you are using on this been metallic or have you done any investigating
with nonmetallic projectiles?

A: Lucien Nappert: The projectile in this case was a one inch steel
cube supported by a sabot made of polycarbonate and the diameter of
the sabot was 110mm and the steel cube is glued in the front of the
polycarbonate sabot. The polycarbonate is semitransparent to the
microwaves. Some* part of the energy is transmitted to the polycar-
bonate and some is reflected back.

Q: Bill Cardwell: Your system has to have some sort of metallic ob-
ject to reflect the .....
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A: Lucien Nappert: Not necessarily, only the polycarbonate sabot
will be okay. If you have some metallic obje-t, you will increase
your reflectivity but you must make a compromise between the trans-
mitted energy and the reflected if you want to see the projectile and
the piston simultaneously.

Q: Bill Cardwell: Then the amount of reflected energy you have would
effect the accuracy of your measurement, is that correct?

A: Lucien Nappert: Yes, I think that in this case we have a better
accuracy on the piston velocity than on the projectile velocity be-
cause there is much more reflected power of the piston. We put on the
piston front face a thin aluminum foil to increase its reflectivity.

Q: John Kalnowski (EC&G): In equation of state work we have a
material which we impact with the piston, as you call it, so we can
study the effect of the material under high pressures. I would im-
agine we would like to know what the input velocities were, and so,
I'm wondering if we put a target just aft of your microwave system if
that target would affect your reading and if it would be valid or in-
valid?

A: Lucien Nappert: Yes, we have a target in front of the gun, maybe
ten feet from the muzzle of the gun so the target has no effect on the
i,,.easurement tecnnique. But if you put your target very close to the
muzzle of the gun, you will have some effect because of the radiated
power outside of the gun and in fact we followed the prcjectile for a
few feet outside the barrel. Because the radiated power outside of
the gun is taken back by the transducer.
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BUILT-IN MECHANICAL FILTER IN
A SHOCK ACCELEROMETER

Anthony Chu
Project Engineer

Endevco
Rancho Viejo Rd

San Juan Capistrano, CA 92675

ABSTRACT frequency transient attacks appears to be one of the
most effective design improvements in shock ac-

Isolating the sensing element of a transducer from celerometer. A shock transducer design with an
high frequency transient attacks appears to be one integral mechanical filter has allowed the exper-
of the most effective design improvements in shock imenter to record pyroshock time history without
accelerometers. An experimental transducer de- zeroshift, a common linearity error of the sensor
sign with integral mechanical filter has allowed in pyroshock measurement. This piezoelectric ac-
the experimenter to record close-range shock exci- celerometer prototype features both an input me-
tation without zeroshift, a common linearity error chanical filter and an electronic low-pass filter in
in pyroshock measurement. This piezoelectric ac- order to maximize usable bandwidth. Calibration
celerometer prototype features both an input me- data indicate flat frequency response to 10kHz with
chanical filter and an electronic low-pass filter in 24 dB per octave roll-off thereafter. A comparison
order to maximize usable bandwidth. Calibration of this unique design with commercially available
data indicate flat frequency response to 10kHz with mechanical filters is also presented. The surviva-
24 dB per octave roll-off thereafter. Field test re- bility of transducers in high-g environments has
suIts are also shown in this paper. greatly increased due to shock isolation provided

by these filters.

INTRODUCTION
PROBLEM IDENTIFICATION

With all the advances in digital data acquisition
equipment and signal processing techniques, the All spring-mass type accelerometers have a finite
acceleration transducer (accelerometer) is still the seismic resonance. To obtain linear response
weakest link in a pyroshock measurement chain, from such a transducer, one must be certain that
Current design approaches in accelerometers, such the input spectrum always stays within its recom-
as electronic filtering and hnigh resonance, can not mended handwidtY As a general rule-of-thumb,
always guaranty the experimenters with repeata- the maximum m ,:;u'-d frequency for an un-
ble performance and believable results, damped accelerome. -,o be less than one fifth of

the transducer resonanice. This rule is generally
The core of the problem has been identified to be the well observed in the vibration-test community.
sensing element of the transducer. All sensing
mechanisms are vulnerable to high-g excitation at Unfortunately, the term maximum measured fre-
frequencies far above our point of interest. These quency are often misinterpreted as the upper band
high frequency, high-g transients, although "in- of the Shock Response Spectrum in shock measure-
visible" to many recording systems, are present in ment. Since most Shock Response Spectra stop at
all close-range pyrotechnic events and metal-to- 10kHz or 20 kHz, accelerometers with resonance
metal impacL LestlAgq which are common in many in the neighborhood of 100 k.'L tre usually consid-
qualification requirements. ered adequate for these applications. It is however

impo, l.aiO tc remember that the input spectrum of
The advantage of using a mechanical filter as an most high-g shock measuremenLs contains fre-
isolator is discussed. Isolating the sensing ele- quency components way above 100 kHz, well be-
ment (piezoelectric or piezoresistive) from high
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yond the capability of our modern recording devic- b) Close-Rainge Metal-to-Metal Impact
es. These high frequency components are often
unnoticeable until something occurs during data Most pyroshock simulation devices, such as drop
acquisition; eg. aliasing of a digital recorder, towers and pneumatic hammers, rely on high ye-
The most commonly used wide-hand analogue tapc locity metJ-to-metal impact to generate the re-
recorder can only capture time history up to 80 kHz quired shock spectrum. When the point of contact
(running at 120 ips), out-of band information is allows very little material deformation (like in all
therefore naturally attenuated and "invisible" on reusable machines), the acceleration response of
playback. the structure can also approach a true impulse.

Again, the response spectrum is highly dependent
The problem is further confused by the issue of the upon the accelerometer location relative to the pu;skt
damage potential of high frequency. It is known of impact.
that shock inputs above 10 kHz seldom cause any
damage to the test article, and they arc routinely
ignored in most data analysis. These high fre-
quency components, although posing no danger to EFFECTS OF NEAR TRUE-IMPULSES ON AC-
the article, seriously affect the linear operation of CELEROMETER
any spring-mass type accelerorct.r.

Recently, a few papers and articles have been pub- There are two types of commonly use shock accele-
lished [1 I l21 concerning the eiTect of ultra-high fre- rometers, piezoresistive and piezoelectric devices.
quency impulses on shock measurements. This Each reacts different!y under the attack of near
out-of -band transient phenomenon is referred to true-impulses. Three common failure modes are
in the papers as "Pre-Pulse". There are two types observed:
of shock simulations capable of generating near
true-impulses: a) Sensor Failure

a) Close-Range Pyrotechnic Shock Recent nw designs in piezoresistive accelerome-
ter have tremendously improved their usable band-

The process of explosion involves chemical reac- width and rigidity. One type of commercially
tions in a substance which convert the explosive available PR sensor exhibits seismic resonance
material into its gaseou. rate at very high temper- above 1 MHz 131, leaving quite a margin of safety
ature and pressure. Most explosives, such as Flex- for the general rule-of-thumb. Under the attack of
ible Linear Shaped Charge and pyrotechnic bolts, delta function liked impulses, however, the sensor
1o not contain as much energy as ordinary fuel, can still be set into resonance (at 1 MHz) due to the
but generate extremely high rate of energy release nature of the input signals. Since the gage mecha-
during explosion. Tne response of the structure nism is practically undamped, displacement of the
near the immediate region can actually approach a elements goes out of control at resonance and even-
true impulse due to the instantaneous velocity tually cause gage breakdown. The result of this
change at the- explosive interface. As a result, type of failure is complete loss of data.
measuring at the area surrounding a pyrotechnic
explosion has always been a nightmare for engi- Piezoelectric sensors are more robust under the
neers and scientists, same condition. But they fail in other fashions:

Depending on the explosive location and the point h) Zeroshift
of measurement, the amourt of high frequency en-
erg. reaching the transducer is inversely propor- This subject has been well examined in many
tion to the distance between them. In a remote technical papers 141151161. A piezoresistive accele-
sensing location where the shock wave has to prop- rometer generally does not exhibit zeroshift until
agate through a long path or many joints of dis- the gage mechanism has been damaged or is in the
similar materials to reach the transducer, high process of deterioration. Piezoelectric sensors, on
frequency components cin be ;ignliicantly attenu- the other hand, account for most of the zeroshift phe-
ated. nomena associated with transducers.
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When a piezoelectric element is set into resonance, a) First, the filter/accelerometer combination must
two things can happen: be robust enough to withstand high level shocks.

Many "isolators" rely solely on the strength of

1. Relative displacement of the seismic mass can spring/damping material to keep the accelerome-
exceed 100 times of the input. The crystal material ter in place.
is overstressed and produces spurious charge out-
puts due to domain switching. The result of this b) Secondly, the Q (amplification) of the mechani-
type of failure is DC offset in the time history. cal filter must be very low. Otherwise the linearity

of Lthe passband data will suffer. Damping charac-

2. The crystal material is not overstressed but a teristic is a c. itical consideration in matching the
huge amount of charge output is generated which accelerometer to the mechanical filter.
saturates or damages the subsequent electronics.
The result of this type of malfunction is loss of data c) Thirdly, the relative displacement between the
or gross DC offset in the time history. transducer and the mounting surface must not ex-

ceed the linear range of the spring/damping mate-
Slight amount of zeroshift in the time history can rial. When the accele, ometer "bottoms out", its
yield unrealistic velocity and displacement dur- high frequency isolation characteristic of the filter
ing data reduction. The real danger remains that, is lost, and the potecon to the sensor fades.
although data with gro.s DC offstts are generally
discarded, the minor one are accepted as good
measurements. Existing DesiL-ns

c) Non-Linearity Although there many shock isolators on the market
for machine vibration isolation, they are not de-

The output of a transducer at resonance is some- signed with linearity in mind, and their applica-
time non-linear and not repeatable. The response tions are quite different. A few foreign and local
of a saturated charge converter is also non-linear private institutions have built some experimental
and not repeatable The result of this type of mal- devices for their own shock measurements, but
function is poor repeatability in SRS, leading to in- none are commercially available. These proto-
correct definition of the shock environment, types were made out of exotic materials, such as

rosewood and cloth, for their unique damping and
stiffness properties; reliability and repeatability of
these external filters are questionable. One of the
accelerometer manufacturers does offer an exter-

SOLUTION TO THE PROBLEM -- MECHAN- nel mechonical filter especially tuned for its own
CAL FILTER brand of transducers, but it is really intended for a

general vibration environment.

Mechanical Filter One common problem facing external mechanical
filters is the resonance of the filter itself. Even

An obvious solution to the accelerometer resonance with careful selection of spring and damping ma-
problem is to isolate the sensor from the high fre- terials, critical damping is rarely achieved. Any
quency signals. ,Vh cn an appropriate material is small amount of amplification factor (Q) in an
placed between the structural mounting surface imperfectly damped filter will produce substantial
and the transducer, a mechanical low-pass filter is degree of amplitude distortion from a shock input.
formed. The filter slope of such an arrangement This distortion manifests itself as ringing (at the
approaches 12 dB per octave. In order to make the filter's corner frequency) superimposed on the ac-
filter effective, the -3 dB corner must be set at a fre- celerometer output signals.
quency far below the accelerometer resonance to
insure adequate attenuation. Another problem has to do with accelerometer

matching. The corner frequency and the Q of a ex-
There are three critical design parameters in a ternal filter is highly sensitive to the mass of the
mechanical filter: attached transducer. Minor deviation on size and

weight ca-i result in significantly difftrent re-
sponse.
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Figure 1

Given the physics of thCe problem., discussed above, niodl of ar, oxternal filter (Figure 2a), this unusu-
it seems obvious that if one can desigm a shock ac- al scheme provided the transducer/filter system
celerometer to incorporate a tuned internal me- with added rigidity. (see Figure 2b) The transduc-
chanical filter for sensor isolation, and match it ers external housing, which served as an enclo-
.ith a built-in electronic low-pass filter to remove sure for the sensor and the isolation material, kept
unwanted residual ringing of the mechanical fil- the "gts" together in case of excessive shock input.
ter, many transducer problems in pyroshock
measurement can be avoided. A block diagram The light-weight sensor assembly housed the piez-
in Figure 1 depicts this concept. oelectric element and the hybrid microelectronics.

The internal electronic filter, a two-pole Butter-
worth low-pas, provided another 12 dB per octave

Built-in Mechanical Filt_ r roll-off after the mechanical filtpr The spring/
damping material was meticulously chosen and

An experimental accelerometer with both me- matched to react with the mass of the sensor in a
chanical and electronic filters was successfully synergistic fashion. This combination yielded a
built in our Eng.ineering Lab. mechanical filter with a damping coefficient of .20

to .15, and a resonant frequency of 15 kHz.
Based on a well established piezoelectric shock
sensor, this acceleromter featured a captive me- To attenuate the -5 dB rise at 15 kHz, the corner of
chanical filter arrargenient. Compared to the the 2-pole low-pass filter was purposely set at 10 kHz

KI C
I 

I

K C.1C-)

[Figurc 2a i -grc 2h

MECHANICAL FILTER MOI)EI.S
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in order to compensate l'or this uiwanted peak. The Pushing the physical limit of the damping materi-
end result is shown in Figure 3 where the solid line al, the same test was conducted at 150'F. Figure 7
represents the combined frequency response of the shows the transient responses at 75°F and 1500 F.
accelerometer; the single dotted line represents the At 1500F, the peak response indicates 100,700 g
mechanical filter response, and the double dotted while the 75°F shows 84,000 g, a +19.9% increase in
line denotes the electronic filter response. This apparent response.
combination offered a 24 dB per octave roll-off be-
yond 10 khz which effectively isolated the piezoe- Our data seems to indicate that, within ±30'F from
lectric element and subsequent electronics from ambient temperature (75°F), the mechanical filter
any high frequency transient. Built-in electronics displays a small amount of variation. Above
also allowed impedance conversion taking place 120'F, however, some correction factor may be ne-
inside the transducer, a desirable feature for signal cessary.
transmission.

Design Limitation
Accelerometer Performance

Apart from the temperature constraint mentioned

A frequency response calibration is shown in Fig- in the preceding section, the accelerometer has an-
ure 4. The accelerometer has an effective linear other physical limitation. Referring to Figure 2b.
amplitude response from 1 Hz to 10 kHz within +1 The mass M, in our design, is the sensor of the ac-
dB. Sensitivity of the unit is .1lmV/g which celerometer, and the mounting surface becomes
equates to a full scale dynamic range of >50,000g. the boundary of this second order system. The con-
Cross-axis sensitivity up to 50,000 g is less than 5%, fined springs/damperg are represented in this
and the resonance of the crystal element itself is model by K1, K2, CI and C2; the stiffness of the out-
larger than 130 kHz. The accelerometer weights er case is represented by K3. As long as the trans-
3.8 grams and operates from a constant current mitted force F to the sensor does not cause exces-
source. sive travel in K1 and K2, the system will behave in

a predictable manner. The practical displacement
One of the major concerns regarding the perfor- limit of the existing system is estimated to be >
mance of the transducer has beer. temperature re- 0.01".
soonse. Since the mpterial used for damping was
basically a polymer, frequency characteristics The equation which relates dynamic range of the
varied with temperature. An experiment was con- mechanical filter to the maximum linear travel of
ducted to investigate the effect of temperature using the spring material is:
transient inputs from a Hopkinson bar. The input
transient was defined to be about 100,000 g peak, and
the corresponding pulse width was -70 iS. Repeata- t
bility of the pulse shape was quite acceptable, but the 2
shock level had a standard deviation of 5,500 g. -,- 12L12- )

Figure 5 compares the transient responses of the ac-
celerometer at 75 F and 45'"F. The peak response at where
75"Y is measured to be 86,000 g, and 78,100 g at 45°F
(these are median data selected from samples at ap-
proximately the same level). The peak level is con- t maximum travel of spring
siderably less than 100,000 g due to filter attenua- x = maximum input acceleration
tion. Taking the variability of input level into damping factor
account, the indicated peak g at 45'F is 9.2% lower c input frequencythan at-roomutemperature
than at room temperature. co, = resonant frequency of mechanical filter

Figure 6 shows the transient r-sponses at 75'F and
120'-'F. Here the indicated peak g at 120'F is 83,000 A maximum input shock spectrum derived from

g, and 79,000 g at 75 _F, a +5.0 increase in ampli- this equation (based on 0.01" spring travel) is

tude response. shown in Figure 8. The weakest spot is under-
standably at 15 kHz where the filter resonates.
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The maximum allowable level at that frequency input transient could well be in excess of 1 million
is 67,000 g. Above 67,000 g, the mechanical filter g. Here the prototype survived the blast, but the DC
loses its effectiveness (eg. bottoms out), and protec- level has shifted; apparently the mechqnical filter
tion to the sensor ceases, bottomed out. In similar tests, other piezoresistive

accelerometers had been destroyed due to the high
frequency energy conterit.

TEST RESULTS
Another field test was conducted at McDonnell
Douglas, St. Louis, Missouri where three prototypes

Several prototypes were sent out for field evalua- were mounted on a test article with 28 feet of 18
tion. The first group were tested at the U.S. Army grain/ft PETN mild detonating cord. This test ex-
Combat Systems Test Activity, Aberdeen Proving hibited tremendous amount of high frequency ener-
Ground, Maryland. The evaluation set-up was a gy' in certain directions- Figure 16 shows the re-
classical close-range shock measurement 171 sponse of one of the prototypes in a mild direction.
which involved a 18' x 18 x 1.5' steel plate. All The Shock Response Spectrum and the velocity were
the test transducers were hard mounted on one said to be believable.
side (in the middle), while the impacts occurred
directly on the other side of the plate. Types of ex- Figure 17 shows the response in the vicious direc-
citation used for shock generation ranged from tion. Although the time history seems normal, inte-
ball bearing impacts, blasting caps, to C-4 detona- gration indictes unrealistic velocity. Note also the
tion. rising low end of the SR.S due to latent zeroshift. To
Figure 9 shows a comparison between the shock re- analyze the data further, the Fourier Spectrum was
sponses of a 200,000 g piezoresistive type accele- calculated and is shown in Figure 18. Here an obvi-
rometer and the prototype with built-in mechani- ous spike dominates the FF' plot at 15 kHz, indicat-
cal filter. A 2" ball bearing was used to strike the ing that the filter is resonating.
plate and produced the input acceleration. The
dotted line shows the response of the prototype at
about 1,100 g peak, whereas the PR accelerometer
shows almost double the peak g level due to its wid- FUTURE DEVELOPMENT
er bandwidth (1 MHz). Figure 10 shows the same
event except that the PR transducer output has been
filtered at 10 kHz. Note the closed agreement be- There are still many problems to overcome in mak-
tween the two accelerometers. (the phase shift ing a perfect shock accelerometer. Within its limi-
could be due to different filter characteristics) tation, however, this experimental transducer is one

step closer to the reality. A patent recently has been
Figure 11 shows the response of a typical shock ac- applied for this shock transducer design concept ,
celeromet:r measuring the excitation from a and production units may be available in the near
DFP-2 non-electric type blasting cap (.05 gram). future.
A classical zeroshift occurred 2 milliseconds after
the blast-off. Figurc 12 shows the response of the Future development of this experimental accelerom-
prototyoe under the same excitation condition; no eter may include iefiuement of the mechanical fil
DC offset was noted. ter for better linearity and higher dynamic range.

Different types of sensing elements will be investi-
Figures 13 and 14 show the differences in ampli- gated in search of wider frequency response and re-
tude response ol a typical shock accelerometer and duction of sensor non-linearity. Improvement in
the prototype with mechanical filler. Input excita- temperature response of the mechanical filter can
tion was the detonation of a M7 blasting cap (.9 also be expected.
gram) directly behind the sensors. Again the
transducer without mechanical Filter exhihited a
huge amount of DC offset.

Figure 15 shows the killer -- 1 oz. of C-4 detonated
on ti.e plate. The experimenter reckoned that the

95



LL)

-

m F-

z wx

LI)

CT

> z

a- L,

.CD

0 (r

S~~~D~ NIN I033D

96C~



-z
wm

I z
a: u 0

C)J
U

z
cr-I

(S)~ Li)

uo
CLe V-4:4

G I
S1 D N NO~~DDz

970



Ii CD

N V- tJ

(S Li

Go LULJ

IL zci 0
N (9

z - -

LnU

coN LO U') V- C) W- v-4

S.1 D NI NOIIUH3B133
98



AD

:D0i
010

(n
U Ld
LUm -

J(YLQJ 0n

U L LUL
Uu CS In

U-) z

LU)

CD 0i Si N LO

S..D NI NOIiUN3T13D3U



N *3
I

a:- z LO

CE u z
N 0

cn U)

CJ
zT LO

a:n

Loz

SD I NOiUN313Dw

10H



z w-

L-U

V-4 Y

t-LZ mf Lfl

00 -0
LU>dL U

Ul ULU

LO z
U')U

S.,D NI NOIIN3-13DDH



I II I I

4,

I<1

I-7

'N- I-'"

-_-

'V

I

j" C-C

k-,4-

301 .0,

102



. .. .. ..-. . . -

I I



ba EO 4X-C6 "SSE SRS c7 o~

.....---.......... ................ ........ I

- ---------------- --- -------------------------------------------------------

----------------
-- --- ---- - - .. . . . .

..... . ----..-. . . . ..........

--- ----- ....

------ --------.. . . . . . . . . . . ........ . .. . .

- . . . .. .....

. .. . .. .

iQ 7

CI-/

t Ile

10



LflL

LCD

105



REFERENCES

1. A. E. Galef, "The Pre-Pulse in Pyrosh3ck
Measurement and Analysis", Bulletin, 56th
Shock & Vibration Symposium, Part Ill, 1986.

2. A. E. Galef, "Zero-shifted Acc-lerometer Out-
puts", Bulletin, 56th Shock & Vibration Sympo-
sium, Part Ill. 1986.

3. R. D Sill, "Shock Calibration 3f Accelerome-
ters at Amplitudes to 190,000g Using Compression
Waves", Proceedings, 29th International Instru-
mentation Symposium. ISA, 1983.

4. R. 1I. Plumlee, "Zeroshift in Piezoelectric Ac
celerometers", Sandia Corporation Report, SC-
RR-70 755,197.

5. D. B. Davis, "Investigation of Zero Shift in
Piezoelectric Ceranic Accelerometers", Sandia
Corporation Report, 71-631.

6. AL. S. Chu, "Zeroshift of Piezoelectric Accele-
rorieters in 'vroshcck M,Easurements", Bulletin,
57th Shock & Vibration Symposium, Part I, 1987.

7. W. S. Walton, "Dynamic Response of Armor
Plattu to Non-Penetrating Projectile Impact", Bul-
letin, ;)6th Shock & Vibration Symposium, Part I,
1986

106



BUILT-IN MECHANICAL FILTER IN A SHOCK ACCELEROMETER

Q: Jim Faller (Aberdeen Proving Grounds): I'm familiar a little bit
with the individual who did this test and Endevco now manufactures
both piezoresistive and piezoelectric accelerometers, am I right? So
do you now consider this an improvement over your existing line of
products?

A: Anthony Chu: For pyro-shock close range metal to metal impact,
yes.

Q: Jim Faller: That comparison test was between another Endevco

gauge?

A: Anthony Chu: Yes, that was the 7278. That's correct.

Q: Jim Faller: Now what emerges from that test? Was one gauge to be
believed more than the other, because even though you didn't call at-
tention to that differential and amplitude; it was, I would imagine,
from one stand point substantial. Is there any way of determining
which gauge gives the better measurement?

A: Anthony Chu: At that g level, I don't think there's a significant
difference, but that was just a ball bearing dropped onto a plate and
he had some more vicious tests that the 7278 simply didn't survive be-
cause the cantilever would break. You excite resonance of the one
megahertz sensor that resonates and it breaks, so its a matter of sur-
vivability.

Q: Jim Faller: You're also saying this is 67,000 g's versus one mil-
lion g's for the other one? The other one is capable of going a mil-
lion or more?

A: Anthony Chu: No, I didn't say that.

Q: Jim Faller: I thought they they were measuring a million or more?

A: Anthony Chu: No, the test that he shifted the one with the
mechanical filter was at about one million g's.

Q: Jim Faller: Is this now an available new product?

A: Anthony Chu: Yes, this is an available new product.

Q: Jim Falter: Wbht i- the option a person will have? What is going
to be recommended? In other words, your standard line or is this new
product is going to be considered superior?

A: Anthony Chu: It you are measuring really c se to the source,
that's th'k only way that I can see it, at this point.
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"A Pressure Transducer to Measure Blast-Induced Porewater Pressure in Water Saturated
Soil"
Dr. Wayne A. Charlie

This paper describes our use of a modified commercial pressure transducer
(ENDEVCO Model 851 IA-5K-M ) to experimentally measure the transient water pressure
in water saturated cohesionless soils. A series of controlled laboratory and field tests
were conducted which subjected water and water-saturated soils to a high amplitude
stress waves induced by impact and explosives. The results of our study and the response
and calibration of the porewater pressure transducer will be presented and discussed. The
results of our research indicate that the transducer can measure the porewater pressure in
water saturated gravels, sands and silty sand.

108



A PRESSURE TRANSDUCER TO MEASURE BLAST-INDUCED POREWATER PRESSURE IN
WATER SATURATED SOIL

Q: Bill Cardwell (GE Electronics, Evandale): You mentioned you had
capability of cold and hot water in the tank. Was there a reason that
you wanted to go up to higher temperature and what temperature did you
reach?

A: Wayne Charlie: The reason we went to warm temperatures is that
it's very difficult to saturate soil. We ran de-aired water through
for two weeks and we couldn't saturate the sample. We have something
like 50 tons of soil we're trying to saturate so we ended up having to
go to hot water. We used the hot water to de-air the soil. We ran
warm water up and as it was coming through it would be cooling down.
We actually ran the test at the normal air temperature, we let it cool
down first. But it was just to get the air out of the soil so that
we're actually running truly saturated tests.

Q: Ron Tdssing (Naval Surface Weapons Center): I talked to John
Ainsworth from Endevco and they make a special gauge for Germany, al-
though it may be made in England, I don't recall which it is, but it's
made for underiater use. What you have works fine, but the Germans in
the Baltic found that the oil did wash out of the gauge so they had
to go to this special Endevco. So there is a gauge although I'll have
to look it up when I get home. Did you consider using something like
an underwater pressure gauge since you're essentially underwater
there, somethirg like a tourmaline gauge from PCB or something like
that?

A: Wayne Charlie: No, we did take the plate off and on and tried it
under water. We did correlate those back to Kohl's underwater ex-
plosive shots at the same pressure. His correlates with distance and
charge size within probably 10% of that data. We have not used
another gauge on this shot, so there's some potential. On the ac-
celeration data that we have, when we integrate that particle velocity
for the peak particle velocity and convert it to what we're seeing on
the pore pressure, the shape is the same on the early part of the
curve and the stress that you would calculate from the acceleration or
the particle velocity integrated from the acceleration is also within
10% of what we're seeing on the peak shots, although on ou.. later
shots wt lost or acceleration. The lab calibration Icoking at the
projectile velocity etc., all ran within 10% of what we expected from
th, transducer. and it wasn't just on one side, it was on both sides.
We also masured independently at another site. particle velocity, but
we were turther away and that also correlated with the pore pressure.
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DIFFICULTIES/REMEDIES IN PRESSURE MEASUREMENTS
WITH PIEZORESISTIVE SENSORS

S. Nickless and R. Maglic
Honeywell Solid State Electronics
Colorado Springs. Colorado 80906

ABSTRACT electron/hole energy bands are stress sestive

in silicon leading to well known empirical

Resistors implanted into single crystal of thin expression for change in resistance

Silicon diaphragms have their resistance stress

sensitive. When measured fluid pressure causes AR (6).R.o

this stress, the resistance measurement allows

an accurate assessment of pressure in question. wheAe a, psi is stress at the resistor site and

Although this sound. simple, the resistance 6 angle of propagation -in respect to say

change R depends on factors other than just [1OOJ--direction. r(O) is piezoresistive co-

stress: temperature, direction of the re-'stor efficient and .a is of the order of 1% for Si.

in the crystal, impurities on the su-ieace and If fluid pressure is to be measured P, psi, a

definitely the quality of P-N ;,nction bordering silicon diaphragm is etched out of a solid wafer

the piezoresistor; in thiz paper we show how the of single crystal silicon and a resistor is

sensor current leakage IL, results from defects implanted into it; usually a P-type wafer (Boron

in the P-N junction. Some of these defects are diffused into silicon) is used and an N-type

crystalogra :.ic and some are impurity related. epitaxial layer (N-Epi) is deposited on it. The
N-Epi serves as an etch stop when manufacturing

W- describe here first a pressure--sensing IC- the diaphragm - it defines diaphragm thickness.

structure and how the leakage current is Figure I shows a pressure sensor die after an N-

observed. Next, we describe how stacking faults Bpi wa grown on the P-type wafer. Si0 2 is the

are introduced in the 'Front End" of the IC passivation layer; the diaphragm is formed by

wafer processing (example a); other types of etching away P-type silicon.

defects are introduced during subsequent

die/sensor processing (examples b).

junction area during Front End processing ___________

provides a leakage path for current 1. The

leakage path is completed however, only if

subsequently deposited "N-Cap' layer is very

ronlductive. Computer simulation of resistor,'N- rI

Cap implant predicted formation of peculiar P- WAFEf RI Oflr.n1

type islands influencing the leakage.

As examples of type b we discuss the effect of

high-pressure water scrub on the current leakage FIGURE 1. SIl]ON DIE AFTER (TCHING, P- IM~rRNI. AND $102

of a piezoresistor: this popular proce=sing step DEPOSITION

(clean) can introduce defects in the same

sensitive ar a 0f tiip, piezoresistor mentioned

above. Great yield improvement results when it After a resistor implant (light implant, P-) a

is eliminated/controlled, heavy P-implant insures connection between
resistors and 'outside world' (P+ implant).

Finally, the origin of defects induced by the Finally, an N-implant is made ('N-Cap') over the

scrubbing is examined resistors providing protection against electro-
static field in the environment, Figure 2.

INTRODUCTION Boundary between P- resistors and N-Epi makes an
N-P junction - electrical isolation of the

Electron/hole conductivity in single crystal resistor. P-type area is always held on lower

silicon depends on energy barriers a carrimr potential than the N-Epi is. When a current
'sees' for particuiar direction of propagation; leakage problem occurs a current between

mm~mmam __ imlm WE il~illl~mm I I I I I |11I0



Opposite is true also, by eliminating stacking
$102 P CEaRODI P ESHISDI TVA faults (high temperatare oxidation) current

A ( leakage was redu-ed significantly.

N - CP ------ 1  " 1 2.CATS WHISKERS
. . Current leakage path, as described above, leads

from electrode C (Figur, 2) through Epi and
N - Ipi through N-'p above P- to resistor via P-N

--. . . .n.tion J2 . Then the path leads out through
- piezoresistor and P* lead out. We assume that

P Tyr ITCH[ P O/ r,1,,I junction J2 doesn't deplete to wafer surface.
mAI, ! The leakage path may be broken however, at the

resistor edge by formation of 'Cats Whiskers'
-regions of P-type material going from a buried

tc w-f1- ,-fPp throiigh N-Cap.

I IA P SISTOR WITH N (OrAND ONNECTIONS Figure 3 shows a possible whisker formed on one
dide only.

contacts C&B is non-negligible; if the P-N DI SI

junction fails totally IL may go to microamperes IA III.R NR- [SO

for positive voltages applied to terminal C
(reverse bias conditions). I, , Or4 1

After the wafers have been processed through the N (PI ..
front end, the junction integrity must be----
maintained during the cavity fornation and P TP E -..
subsequent sens-r- packaging operations. As an WA...)IIAIIG

example, a high pressure water scrub was
pinpointed as contributing greatly to junction
leakage. The measurement of the leakage,
failure analysis to characterize the cause of
the leakage, and the impact of junction I IruRAE cIMISs S ,ON of RISTO D SHOW WHIASkI.

modifications are discussed.

I. FRONT END LEAKAdE CGNSIDE L4TIUNS If a complete whisier forms along both edges of

the resistor, the leakage path is broken. Note
1. JUNCTION LEAKAGE on Figure 4a, b and c various cases that F-an
Note, on Figure 2, that the P- resistor is happen in whisker formation. Case 4c has, like
surrounded by several different P-N junctions: Figure 3, a complete whisker formed. Figure 4b
P-/N-Epi, P-,,N-C.P and P- /P (junction Jl, J2  shows curious P-type islands formed near wafer
and J3 respectively). Oiur detai led studies surface This latter case however, would allow
showed th3t P-!N-Cap is the most sensitive leakage.
junction. Partly, becau:se implant energies and
doses for P and N-Cap liyers are such to make Figure 4 results wcre obtained by c..mputer
J 2 junction depths ocly 4,um. (Jl junction calculation, calc.ulating in two dimensions(x
depth was ,' :,u-'d to Ls - !pm.) This puts N- axis Verpeu~iuilar to wafer surface) of Boron
Cap jun1ti-t! (J2) , e to SiO12 /Si interface and and Fhosphorous iplant density N0 , Np. Boron
very sv.- tive to e..r:jaenta onditions. is impl anted through a Si0 2 mask (Figure 5).

Since SiO2 is thinned down at the end, NBIn silicon pres sure !;e,:sor technology it is a distribution may result.. Iloron at a corner is
weli ksu-r, "act h Jfsp1,h of J 2 has to be
optimized. ] X ' is snall :c, that reverse vol
age bias depletes N Ca c .. ulet;eiy (to wafer L. 2

surface), ii lekag. .,curs. There are no car- --

riers in Lho dpleteo cns (DZ) the:,. The sensor N B 2S1"
is unstable :t this time hosover, because im- f21r S1
purities on tho wafer surface feel the electric
field of the DZ. This rcsulru in a drift.

with r2 - x2 , y2 and Al being Boron range for
In the cpposite ca!;e when X; 2  s large DZ in N- the given implant energy; S1 is 'implant
Cap doesn't reach the wafer surface and then struggling' quantity.
leakage is possible if Jo is weak. Conse-
quently, by inc-easing phosphorous implant dose N-Cap is deposited after Si0 2 mask has been
(N-Cap) the leak monotonically increases, removed with some constant concentration (Be) at

the surface where top expression holds for
Two dimensional crystalographic defects x e A2 ; the bottom one for x > A2 . Constant C
(stacking faults in Si) have been observed near determines Boron/Phosphorous dose ratio. (See
J2 -junction and correlated with leaking units. Figure 8) For points x,y where NB/NP > 1,



0 0 0 0 0 0 0 0 0 0 0 d.o .....

2 0O0 000 00 00
3 0 0 0 0 0 0 0 1 0 0

4 00 0 0 0 0 1100 -,

5 0 0 0 0 0 0 1 1 1 0
8 0 0 0 0 0 1 1 1 1 0 " -

7 0 0 0 0 1 1 1 1 1 0 , __

8 0 0 0 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1 1 1

10 1 1 1 1 1 1 1 1 1 1

(a)

1 0 0 0 0 1 1 1 0 0 0 C 21
2 00 0 01 11 0 00 ---s
3 0 0 0 0 1 1 0 0 00 

e 2S2

4 0 C O n0 O  0 2 2 2 S 2

5 0 00 00 00 0 0 06 0 0 0 0 0 0 0 0 0 0 2

7 0 0 0 0 1 0 0 0 0 0C 12
8 0 0 0 1 1 0 0 0 00 C 3S29 1 1 1 1 1 0 0 0 0 0 2 $2e 2S 2

10 1111100000
10 1 1 1 1 1 1 0 0 0 0 2

(b) computer prints 1-digit; 0 for the opposite
case. Note: above calculation was done only

1 0 0 0 0 1 1 1 0 0 0 qualitatively, but with realistic magnitudes.

2 0 0 0 0 1 1 1 0 0 0 Second, no depletion width is added anywhere.
3 0 0 0 0 1 1 1 0 0 0
4 0 0 0 0 1 1 1 0 0 0 Finally, we add that etch patterns allowed us to

5 0 0 0 0 1 1 0 0 0 0 observe, experimentally, Cat's Whiskers on some

8 0 0 0 0 1 1 0 0 0 0 units that did not leak.
7 0 0 0 1 1 1 0 0 0 0
8 0 1 1 1 1 1 0 0 0 0
9 i 1 1 1 1 1 0 0 00 II. BACK END LEAKAGE CONSIDERATIONS

10 1 1 1 1 1 1 0 0 0 0
1. HIGH PRESSURE WATER SCRUB

(c) Completed wafers through the front end must next
have backside etch processing to form the

Figure 4. CAT'S WHISKERS CALCULATION: Dx diaphragm which creates the pressure
Dy = 1. AND OTHER PARAMETERS sensitivity. The diaphragm formation along with

other packaging operations are stressful and can
cause junction degradation and current leakage.

a b c
)s an example, a high pressure deionized water

A1  8 6 6 scrub operation which is used to rem':e ink

C1  2 2 2 residue from the wafr- surface is analyzed. The

A2  1 3 3 scrub machine operates by sweeping a high
pressure nozzle across the surface of a spinning

S2  1 1 I wafer. The result of this scrub is a wafer which

B I 1 .25 .25 has good adhesion characteristics which are

C .5 .5 .3 needed in the next step of the process. The
negative effect of the scrubber on the sensor
are discussed in the following sections.

BOR1ON IMPLRNI

I I I I2. MEASUREMENT OF LEAKAGE
The final device leakage is kept in the nA range

with 5v applied at 25
0 C to achieve device

performance. Several wafers were measured for

S02 -- leakage before a high pressure deionized water
S. . . scrub and then again immediately following the

scrub. Table 1 defines the leakage change on

N IPI the same die after receiving the high pressure
scrub. Notice the change in the I-V

characteristic which shows a 'soft' junction,
evidence of a damaged or contaminated junction.
(See Figure 7)

MASK THINN[D DOWN NERR OptNIN1
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POST HIGH PRESS. SCRUB

Wafer #1 12

PRE HP SCRUB POST HP SCRUB CuA) MAAvE0(-5. O000V . -29o. OnA.
r-I T-V- . -- .

10.00 O _____

.7nA 20.9nA .3nA 121nA 41nA 2.7nA

.7,A TO .6nA SnA TO 9.2nA . .. .
-Z'4.n120n

.4 .7A .7nA 1200nA .SnA 143nA 2.0"I

__ I4 2i7 Ir__ _ _

Wafer #2
P HP SCRUB POST hi? SCRUB

.5nA [.6nA -. 0nA Ioo5nA 42oA r.5nA

32nA TD .3nA 529nA TD .5rA V2 1. 670/div ( V)

103nA .5A .
-7 h A i 436iA 32hA A

i. 
PRE HIGH PRESS. SCRUB

(uA)
MARKER(-5.000V ,-750. OA ,

Wafer #3-! - -- -IS- . . .-0.00
PRE HP SCRUB POTH CU O

1.1 0.7 0.9 2700nA 18.2nA 1290A - .

0.7~ ~ ~ ~ ~2 00-,,:• , II2.3 1 TB 1.3 8250nA TD 5300nA1 /dO

1.7 30.2 0.7 j 585nA 54.7nLA 39.9nA

Table 1:

Junction Leakage Measurements 1 - ._.
-3 .0000

' . 5TO/d:v (V')

Vs = 5V applied from C to B 
in Figure 2.

TD = Test Die (Used as measurement position Figure 7. Scrubber Junction Damage

reference) I-V Curve

3. FAILURE ANALYSIS 4. HIGH PRESSURE SCRUBBER EFFECTS

The leakage location was pinpointed using light The high pressure deionized water scrubber

emission photodetection equipment. The defect creates defects in various forms of processed or

area emitted low levels of light due to electron unprocessed silicon. Unprocessed wafer starting

trapping and discharge allcwing these areas to material was subjected to a 1650 psi scrub and a

be mapped and a decorative Wright etch was defect count showed 135 defects/cm
2
. Since the

performed in the vicinity of the leakage area. final device has a thin layer of thermal oxide

SEM analysis of the post etched wafers showed for circuitry protecticn, a study was completed

that microdefects were present in the implanted to determine the amount of damage created as a

resistor regions at the location of the leakage. function of oxide thickness. The increase in

It is therefore believed that these defects are thermal oxide was inversely proportional to the

responsible for the leakage experienced on the defect density showing that one possible

device and are created by the high pressure protection should be thermal oxide (see

scrubber. See Figure 8 for SEM photographs of Figure 9). This study conflicted with the

the decorated defects. defect densities found in the implanted resistor
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Figure 9: Oxide thickness vs. defects

BPS unit, by Eaton Corporation, produces a high
pressure water beam by forcing water at PH20 -
1000 - 2000 psi through a small hole (diameter d
- .O5in.). We measured amount of H20
collected, in say 30sec, coming out of the
orifice; this, with tube cross section
measurement, gave jet velocity of 145m/sec.
Pressure the jet exerts p at the exit of orifice
is p p V2 = 2.gkpsi with water density being p.
Pressure p at the wafer was measured to be

700psi, and this is the value we used in
subsequent calculations. Difference in two
pressures results from beam widening (.Ol5mil at
the wafer) and velocity variation across the jet
diameter. Before we propose a model for defect
origin, we examine here some auxiliary tests
done to eliminate other, unrelated sources of
defects.

-Electrostatic Discharge (ESD) of charges
accumulated on the wafer by DI water (isolating,
deionized water) can produce crystal defects.
We changed DI-water to normal, conducting water
and grounded EPS tube and wafer chuck. Etch
pits remained- the damage was only slightly

decreased.

Figure 8. SEU Photos Of Defects -Direct stressing of wafers with u - 2Kpsi
produced no etch pits after etch.

•Si02 -formation: If H20 from HPS penetrates Si-
areas of prou:e:;sed wafers which have a thin wafer regions (damage) of SiO 2 could form. To
oxide. Processed wafers had 224 def/cm 2 in the reveal these, a SiO 2 etch was used. No etching
resistor areas. Tho groater sensitivity to took place.
defects in the resistor area could well be
attributed to an ipe:iect latice in the areas In a 'companion' experiment free B20 inside
which previously received an implant, therefore, wafer after scrub was searched using IR-
on actual devices the thin oxide is not enough radiation. With known IR-absorption
to protect the circuit from dehcts. sensitivity, we found that if any water got

inside the wafer, it must be less than 200 H20
5. ORIGIN OF CRYSTMAGLRAPHIC DEFECTS molecules per Si-cell square.
Previous analysis showed that high pressure
scrub (HPS), with watsr, often causes current -If indeed the defects were crystalographic in
leakage ol pressure sensors due to P-N junction origin high T anneal would decrease the damage.
degradation. Both micro-defects (impurity We indeed found etch pit density dereaed by
related) and dislocations are possible about a factor of 4 after a scrubbed wafer was
candidates. annealed at 950C for 30 min. Electrical
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leakage test showed however, wide spread leakage 10-3 cm2 ; not all available energy is used for
over the wafer, after the anneal. dislocation generation.

-Kinetic energy of an impinging H2 0 molecule was Finally, let us mention again that no clear
calculated to be 2meV. This kinetic energy is identification of dislocations have been made.
insufficient to move a Si atom from an Other types of defects may be playing the key
equilibrium site but is well within phonon role here; idea of dislocations is attractive
energies of the Si crystal. however, because once created it may split into

two partials (Shockley) that would encircle a
Analysis of Laue spots (X-rays) didn't show stacking fault. The latter were observed.
crystalographic defects however, due to
insufficient resolution. On the other hazd, micro defects are, strictly

speaking, surface defects; N-Cap thickness
RESUME: W_ cnclude from above tests that dependence of leakage (that was observed) would
dynamic stress produced by water jet creaes a be in wrong direction when assuming them.
crystalographic defect. Strongest evidence against dislocations playing

the key role here is weak directional properties
Theoretical model coming out of these tests is the etch pits reveal.
suggested: Crystalographic defects (probably
dislocations) are formed after HIPS. Since 6. DEVICE CHANGES TO 'HARDEN' JUNCTION
wafer's top surface is (100), the slip direction As previously mentioned, one of the primary
is [001] and, since this is also leaking delicacies of the sensor configuration is a dual
direction, we conclude that the Burger's vector layer junction structure to confine the resistor
(b) is parallel to dislocation axis. This in an equapotential envelope. The envelope
narrows down the dislocation type to the Screw forms two junctions, one at 0.4 um and one at
Dislocation (SD). l.Opm. (See Figure 2.) The shallow nature of

the top junction along with the relatively high
The SD of the defect originates on wafer surface n-type doping, as compared to the p-type
(N-Cap) passes through DZ of J2 and probably resistor, make it very susceptible to leakage.
reaches to the other side of the diaphragm h - The upper junction structure was removed to
100pm. study the effects of the scrubber. Samples with

only the deep (1.O) junction showed improved
We can now estimate total energy the SD contains reverse breakdown characteristics (45v rather

than 14.5 on standard structure) and did not

Gb2 h log R have the leakage problem after scrub. Only
ESD = 4 l e 3/188 die degraded without the upper junction

where 49/18 degraded on the dual junction

where ro - Inm, is SD core radius. By taking R - structure. Since the equapotential envelope is

30pm for outer circle radius (diaphragm radius) critical for device performance, the upper

we get ESD = 7aJ or 43.5eV/(at plane); for junction was re-introduced but at a lower dose
silicon Young modulus E the shear modulo G is allowing the depletion region to extend all the

G - E/3 = 5.3-l010pa for [00l-direction and b = way to the thermal oxide on the surface, as

.543pm. The total energy contained in a SD is shown by the calculation and diagram, Figure 10.

ESD n 8MeV
assuming SD straight, stretching from inside
diaphragm surface to the outside one.

The important question now is if the BPS jet can MtAL O xN0

produce this much eneigy. Since diaph.agmn
Al p

strain is c . - we have .

= .4410
-6 using p and E numbers for BPS and

Si already quoted. 
8 irce active volume of a

diaphragm in rpi

V =-Dh, _

4
-11 3

we have V = 1.1"10 w with D .Ol5mil (water HRE 10. ro ov nfwoNJ N s-cnr
jet cross section radius). The elastic e'ergy
below the jet. is

E 7 1.eV E E 2 V = 10 IleV
EL 2 2

Clearly, the water jet produces macroscopically
enough energy to generate 1250 dislocations on
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Standard depletion width:[3]

1 r 111/2
I 20 o  I N, II

Xno = I I _ _

I q INd (Na+Nd) II
t I ii

n-cap = O.1Na

p resis= Na

Xno = 0.129#m < 0.4# junction depth

Reduced n-cap:
n-cap QO.1Na

p resis Na

Xno= 0.428#m > 0.4# junction depth

The extension of the space charge region to the
oxide surface severs the leakage path caused by
a damaged junction. This was experimentally
verified on a wafer which had only 10/188 die
degrade where the dual junction structure had
45/188 degrade after the scrub.

CONCLUSION

To provide efficient conversion from pressure to
electrical signal on a piezoresistive sensor,
current leakage must be minimized. The creation
of cats whiskers and modifications to the
surface (N-Cap) junction are the primary tools
to control the leakage levels in the front end.
These modification also effect the sensitivity
of the device to back end operations which can
introduce defects into the resistor regions. An
understanding of the back end operation's
mechanisms creating defects allows one to
control/eliminate the degradation to the sensor.
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"The PVF2 Piezoelectric Polymer Shock Stress Sensor - Some Techniques for Application
Under Field Test Conditions"
R. P. Reed and 3. 1. Greenwoll

The basic design and some fundamental characterisitics of PVF2 shock stress
transducer elements were described by two papers at the 14th Transducer Workshop.
Since that meeting, the sensor has become more readily available. It has been applied in
many additional varied applications under severe laboratory and field test conditions and
calibration has been extended to both lower and higher peak stresses over the range from
2 psi to more than 6 million psi (46 GPa).

The exceptional versatility and application range of this measuring element allow it
to be used in diverse circumstances. Many of these present distinct sets of measurement
problems. Successful measurement with PVF2 sensors in many practical situations
requires that response of the entire measurement system be considered with the sensor
being only one critical component involved in the measurement. This is particularly true
of experiments where stress waves generated by explosion are to be measured under field
test conditions. A hybrid combination of hardware and software tools must be applied in
both prediction of the voltage waveform that must be recorded and also in the the
reduction of that experimental voltage record to the desired accurate measure of applied
transient stress.

Contrary to normal application of piezoelectric sensors as pressure sensors or
accelerometers, the conditions of field use often require that the PVF2 stress transducer
be applied in a manner that is in neither of the traditional ways: charge mode or current
mode. Rather, application must often be in a well-defined intermediate mode.

This paper was unavailable for printing at press time.
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THE PVF2 PIEZOELECTRIC POLYMER SHOCK STRESS SENSOR - SOME TECHNIQUES
FOR APPLICATION UNDER FIELD TEST CONDITIONS

Comment: Wayne Charlie (Colorado State University): This sounds like
an application where you can use fiberoptics to take your signal out.

A: Ray Reed: Well it is possible to use fiberoptics, and fiberoptics
are coming into use but at some level you always have signal distor-
tion. What you are saying is that you need higher bandwidth. It
would be nice to have higher frequency recorders as well. This deals
with a situation where you don't have access to those and demonstrates
a very practical technique that works to get you out of a situation
that you prefer riot to be in. Peter Stein would tell you immediately
that you always want to deal with systems that linearly scale and have
adequate bandwidth and are not therefore frequency creative. Fre-
quency creation in this situation simply means you have distorted the
signal; it doesn't mean that you have lost the information but you do
have to treat it properly. An essential to treating it properly is
the proper characterization of that specific real situation as it ex-
ists in the field.

Q: Pete Stein (Stein Engineering): How sensitive is the process to
the individual specific cable? Do you have to check each particular
cable over several 100 or 1000 feet or can you determine for a par-
ticular catalog number of a cable, a procedure?

A: Ray Reed: Because cables get damaged in the field, the catalog
specification is not adequate nor is the mathematical model of the
cable. They are perfectly fine for prediction of tk- distorted wave
form so that you can go ahead and signal condition a,.d record. But,
they are not adequate for unfolding accurately.

Comment: Ron Tussing (NSWC): I can further comment on that. We
have our low-noise, low tribo-electric effect cable made for us, and
it is available to other people too. Every batch we get is different
and is quite a bit different, and is supposedly the same; but for
instance, the capacitance per foot will vary between 30 to 40
picofarads and averages around 35. This is supposedly made for the
Government through specification; buy if you want the cable, you buy
it. you take it the way it comes, and so, we do different things, as
Ray has said, but we would match each batch for each length of cable.

A: Ray Reed: Not only do cables vary from batch to batch but they
vary from place to place. In field installations, people have fre-
quently matched and put two or three cables in sequence. They have
gone through breaks for gas blockings; and so, you always want to do
the characterization, if for no other reason, to assure yourself that
you have what you think. But if you are going to characterize it, it
is absolutely mandatory that you do this sort of thing. With regard
to Ron's comment--somebody said butterflies are free, charge is too.
In a piezoelectric circuit, and particularly used open circuit, you
will learn very quickly how much free charge there is around from
piezoelectric souices and just hanging around from some change of tem-
perature or a variety of things: and that's again, why we have always
been driven in the field to use these gages in the current mode, al-
though in theory, they ran perfectly well be used in a charge mode. I
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point out that we are using neither current nor charge mode. At the
last meeting, I made the strong assertion that you must use them one
way or the other, or don't know what you've got, and I promptly went
off and did this which is neither fish nor fowl, it is somewhere in
the middle. I point out, there are other applications to this tech-
nique. I give this paper in the context of the application of PVF2.
The techniques are perfectly general when applied to any measurement
system.

Q: John Kalnowski (EG&G): What type of cable do you use in the
field?

A: Ray Reed: A variety of things. On the last field experience, we
used RG22 which I preferred, because it is a balanced cable and avoids
some noise problems. On the other han., when yoa use it with physi-
cally available equipment; you have problems because that equipment is
almost always single ended; and so, matching that cable to regular
carters is a problem. Since then we're using combinations of cables
ranging from, I think, an RG55, which is one I wasn't familiar with,
RG213 going then to RG214 in one continuous run. And so, you have all
of these things stacked together plus gaps in the system where you
have to make the transition from one to the other.

Q: John Kalnowski: On your RG22 did you have to use a cable
equalization?

A: Ray Reed: In this peculiar situation, you don't want to equalize
because you're throwing away gain. We started that way, and it
finally dawned on us, that the cable is partially integrating for us.
If we just throw another little capacitor on there, we'd complete the
integration, and we'd be half way home. All you've got to do then is
complement that with this digital filter and proceed on your way. You
have got high signal to noise and the data as well.
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PIEZOELECTRIC POLYMER SHOCK GAUGE APPLICATIONS

Q: Steve Baker (Oakridge National Laboratory): I noticed that the
rise time is very fast on this device. What is the frequency band
width?

A: Larry Lee: The gauge is responding to the stress difference be-
tween the two faces of the transducer, if it's properly bonded and
properly fabricated into a mechanical matching backing. It has a
transient time at about four nanoseconds. So consequently, you're
usually limited by the recording device.

Q: Steve Baker: This is flip side to what you're doing. You're
measuring very high pressure levels, large stress. What about on the
other end? Could you use it in the very low pressure end since it has
more gain than other types of piezoelectrics?

A: Larry Lee: What do you mean by low pressure?

Q: Steve Baker: Down to a few psi or lower.

A: Larry Lee: The lower pressure data that I showed down to 103 and
104 pascals, I think, one psi is 7 X 103 pascals. So those data were
taken down to a fraction of a psi.

Q: Pat Walter (Sandia Labs) : On the pressure time, the shock tube
data, you didn't specifically say it, but I just inferred from your
preamble that the backup material to your gauge in that was teflon?

A: Larry Lee: That was actually plexiglas, and when we look at the
shock response down at very low pressures the teflon, the plexiglas,
the Kel F; there are differences but they are not as noticeable as the
chart I showed, which went up to a 100 kilobites.

Q: Pat Walter: You showed some at least one piezoelectric constant
up there. What do they know about the other piezoelectric constants?
Like the shear constants D13,

A: Larry Lee: Not near enough, everything I've talked about has been
in a condition of one dimensional strain shock loading. When we want
to record the milliseconds, and we want to use this gauge in other
arenas, if you will, there has to be work done in that area. One
piece of work that's been done now, is using the PVDF in a spilt
Hopkinson bar configuration, where it was between steel bars. The
only good news out of that is the fact that the gauge behaved in basi-
cally the same manner. The output was shifted, not shifted markedly
so you were getting more output, because we think you're getting con-
tributions from the others.

Comment: Pat Walter: The reason I asked about the other constants
and just concluding the discussion, if you ignore the high-stress ap-
plication you might infer that the material is not particularly excit-
ing for one reason, it just has a large pyro-electric output so you
have a lot of thermal-drift associated with it. But in Anthony's talk
("Built-in Mechanical Filter in a Shock Accelerometer") he eluded to
the problem of zero shift, which you always get in fero-electric
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ceramics at high levels. Just because you get some misorientation of
the dipoles since that material seems to be attuned to working at the
high-stress level that might be a candidate material for pyro-electric
type shock accelerometers.

A: Larry Lee: Very well could be.

Comment: Ray Reed (Sandia National Labs): Larry I'd like to make
some comments to what you've just said. First with regard to the band
width, this group customarily thinks in terms of bandwidth other than
being a shock reverberation, you do not. The gauge has a peculiar
characteristic that probably most of you are not accustomed to think-
ing in terms of. Namely that when you're interested in looking at
very short duration, fast rise shocks, the gauge response in one man-
ner, it responds in the fashion that Larry described as looking at the
stress difference between opposite faces. So on each reverberation
it's behaving as a thick quartz gauge. Through that process depending
on the nature of loading, you ring up to equilibrium state very
quickly over about ten cycles. So in about 15 nanoseconds you've rung
up to the peak amplitude. So the inverse of that you might think of as
the bandwidth. It is responding in like a 1 0 9 hertz. Second comment,
was in regard to Pat's question regarding the transverse coefficients,
while neither of us said so, one of the favorable characteristics of
the gauge, in a sense, is that it does have a hydrostatic response,
which means that the normal directional loading is not completely com-
pensated for by transverse loading. The D31 coefficient that you
asked about Pat is not a shear coefficient, it's a transverse coeffi-
cient and both 31 and 32 are not zero but they're not at all well
known for this particular material and we have work in process on
that. But with regard to your question about shear response, for-
tunately, this material does not have a shear response. That is one of
the coefficients that is null in the sensitivity matrix. Beyond
that--the comment with regard to the pyro-electric response is an open
question right now. This material is extremely pyro-electrically sen-
sitive, it's a better temperature sensor than it is a stress sensor in
fact. And so, there is a question that we're trying to deal with is,
"What is the interaction?" In the paper that I presented here last
time, I made the comment because of the way those coefficients
interact--it is quite possible that what we're seeing as a stress
calibration is in fact a combination of stress loading and shock heat-
ing. Because of the way the experiments have been done to this point,
it does not allow you to separate those two effects. I believe,
Larry, you've had a number of results or at least a few where not only
have you been able to track the rise time but also the release path
all the way back to the base line. And that's the indication that at
least in those particular experiments that we have at very high
stress. The heating was not a problem, because that would have
remained while the stress vanished.

Comment: Larry Lee: We would expect it not to begin to come back to
the baseline if the heating was having the kind of effects we typi-
cally think of.
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"Selected Time Histories and Power Spectral Densities of Environmental Data Taken on
the Smart Radar at the Army Proving Grounds Yuma, Arizona During March 1988"
Wesley Paulson

Twenty-six shots were fired during the test of the SMART RADAR (4 calibration and
22 evaluation). Immediately after each shot, the data were examined and were found to
be of good quality. This "near real time" examination also showed a general increase in
the various responses (pressure, acceleration and strain) as the test progressed (as the
SMART RADAR was moved closer to the gun). Some differences were seen between
those tests where the radar was facing the gun and those tests where the radar was
orthoginal to the gun. These differences seemed most pronounced in the case of the
strain data.
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GROUNDING & SHIELDING

DIRECT EFFECT-ACCURACY/PERFORMANCE

EQUIPMENT & FACILITY LIMITATIONS

UNDERSTAND & VISUALIZE

PROBLEMS ARE "MYSTERIOUS"

INSTRUMENTATION SYSTEM

MEASURE LOW-LEVEL SIGNALS

REJECT NOISE-COMMON MODE

TRANSITION GROUND ENVIRONMENT

Al

FIGURE 1 O3FFERENTIAL INPUT

132



( < c2 0

o

CD CD x

1- 0

Sxx x >

__:" (D CII ii 0

LAJa

13C3

Lai

LC-.

133



impu r

AS'C

SIJAA I

FIGURE 3 DIRECT COUPLED 1 30 VOLT (r-"

134C



INPUT CABLE

PHYSICAL CONSTRAINTS

ELECTROSTATIC SHIELDING

A) MYLAR/FOIL

B) BRAID

ELECTROMAGNETIC PICKUP

A) MINIMUM LOOP AREA

B) MAGNETIC SHIELDING

C) INTER-8-WEAVE CABLE

BEST RESULTS

TWISTED PAIR

MINIMUM LOOP AREA

FOIL SHIELD-HIGH COVERAGE

CONTINUOUS SHIELD THROUGH INTERFACES

AVOID HIGH MAGNETIC FIELDS
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GUARD SHIELD RULE

SIGNAL CONDUCTORS & ELEMENTS MUST BE

ENCLOSED IN AN ELECTROSTATIC SHIELD

& NOT CONDUCT ANY SHIELD, GROUND OR

OTHER NON-SIGNAL CURRENTS.
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FIGURE 7 INPUT (GUARD) SHIELD
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COMMON MODE SIGNALS

DC TO RF-POWER FREQUENCY

MILLIVOLTS TO 1000 VOLTS

TRANSIENT

ec77

aa

FIGURE 9 BRIDGE COMMON MODE

FIGURE 16 CURRENT SHUNT IN DELTA CONNECTED LOAD
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SOURCE CURRENT

GENERATES COMMON MODE VOLTAGES

REQUIRES OHMIC RETURN TO OUTPUT COMMON

RETURN PROVIDED THROUGH GUARD

1A, A2

A

FIGURE 11 WAGNER GROUND - BRIDGE

As

fuT L)7-

FIGURE 12 WAGNER GROUND - THERMOCOUPLE

140



'77- r7

FIGURE 13 BONDED THERMOCOUPLE

FIGURE 15 FLOATING THERMOCOUPLE - DOUBLE SHIFLD
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FIGURE 18 FLOATING FULL BRIDGE
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FIGURE 19 SINGLE ACTIVE ARM BRIDGE
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FIGURE 22 TRANSFORMER SHIELDING
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DYNAMIC MEASUREMENTS
ARE SELDOM ROUTINE

By: J. F. Lally
PCB Piezotronics, Inc.
Depew, NY 14043

Excerpts from tutorial presented at:

151h Transducer Workshop
Cocoa Beach, FL
June 20-22, 1989
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3. UNDERSTANDING THE SIMILARITIES OF VOLTAGE MODE INSTRUMENTATION:

QUESTION OFTEN COMES UP ON THE DIFFERENCES IN CHARGE AND VOLTAGE MODE

INSTRUMENTS? THE QUESTION USUALLY COMES FROM SOMEONE FAMILIAR WITH

CHARGE MODE SYSTEMS. WE FIND IT HELPFUL TO ANSWER IN TERMS OF

"SIMILARITIES" SINCE SIGNAL CONDITIONING FUNCTIONS IN BOTH SYSTEMS ARE

BASICALLY THE SAME. THE FUNCTIONS MAY, HOWEVER, BE ACCOMPLISHED IN

DIFFERENT LOCATIONS IN EACH SYSTEM.

THREE BASIC SIGNAL CONDITIONING FUNCTIONS IN BOTH SYSTEMS ARE:

1.) IMPEDANCE CONVERSION

2.) SIGNAL NORMALIZATION

3.) GAIN ADJUST

ALL THREE FUNCTIONS ARE COMMON TO BOTH SYSTEMS-ONLY THE LOCATION AND

METHOD OF ACCOMI'LISHING THE FUNCTION MAY VARY.

IMPEDANCE CONVERSION: -THE FIRST FUNCTION

'THE PTRTMAY FUNCTION OF ANY PIEZO SIGNAL CONDITIONER IS TO CONVERT HIGH

IMPEDANCE CIHARGE OUTPUT FROM CRYSTAL INTO A USABLE LOW IMPEDANCE

VOLTAGE SIGNAL JUITABLE FOR RECORDING PURPOSES.

IN CHARGE SYSTEM THIS IS ACCOMPLISHED REMOTELY BY A HIGH GAIN

CAPACITIVE FEEDBACK AMPLIFIER IN THE CHARGE AMPLIFIER. IN THE VOLTAGE

MODE SYSTEM IMPEDANCE CONVERSION IS ACCOMPLISHED BY MOSFET OR JFET

MICRO-ELECTRONIC AMPLIFIER SFALED INSIDE THE SENSOR.

153



TECHNICAL AND ECONOMIC SIGNIFICANCE:

THE LOW IMPEDANCE VOLTAGE MODE SYSTEM OFFERS IMPROVED SIGNAL/NOISE

CHARACTERISTICS, ESPECIALLY WHEN DRIVING LONG CABLES IN ADVERSE FIELD,

FACTORY OR UNDERWATER ENVIRONMENTS. ECONOMIC SIGNIFICANCE INVOLVES USE

OF LOWER COST STANDARD COAXIAL CABLE AND SIGNAL CONDITIONERS.

SIGNAL NORMALIZATION (OR STANDARDIZATION)-THE SECOND FUNCTION

CHARGE AMPLIFIERS HAVE A POTENTIOMETER CIRCUIT TO ENTER CHARGE

SENSITIVITY.

VOLTAGE MODE SYSTEM

1. NORMALIZATION MAY BE ACCOMPLISHED WITHIN SENSOR, OR

2. IN THE POWER/SIGNAL CONDITIONER

NORMALIZATION INSIDE THE SENSOR-TECHNICAL ADVANTAGES

1. SIMPLIFIES OPERATION

2. MINIMIZES RECORD KEEPING IN MULTI-CHANNEL SYSTEMS

3. FACILITATES INTERCHANGEABILITY WITHOUT MAKING CIRCUIT

ADJUSTMENTS

GAIN ADJUSTMENT-THIRD FUNCTION

1. GAIN ADJUSTMENT CIRCUITRY IN CHARGE AMPLIFIER

2. VOLTAGE MODE SYSTEM UTILIZES GAIN AVAILABLE IN READOUT

INSTRUMENT OR IN POWER UNIT, IF REQUIRED
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TECHNICAL AND ECONOMICAL SIGNIFICANCE

IN A CONTROLLED LABORATORY ENVIRONMENT OR OTHER CONDITIONS SUITABLE FOR

OPERATING HIGH IMPEDANCE CIRCUITRY, GAIN ADJUST IN CHARGE AMPLIFIER

ALLOWS FULL UTILIZATION OF TIlE VERY BROAD DYNAMIC RANGE OF PIEZO

SENSORS.

SINCE MOST APPLICATIONF INMOLVE LIMITED DYNAMIC RANGE, IN THE VOLTAGE

MODE SYSTEM, GAIN, IF NEEDED, MAY BE OBTAINED FROM LOW COST POWER

UNITS, E3(ISTING INSTRU.METATION 1AMPLIFIERS, OR IN THE READOUT

INSTRUMENT ITSELF.

----- WHICH SYSTEM IS BEST???------------

THAT DFPENDS ON '-HE Tl£CHNICAT, CONSIDERATIONS INVOLVED WITH THE

APPLICATION. THE TECHNICAL AND ECONOMICAL ADVANTAGES OF OPERATING WITH

A LOW IMPF)ANCE VOLTAGE SYSTEM ARE READILY APPARENT WHEN:

1. DRIVING LONG CABLES

2. OPERATING rN ADVERSE FnVIRONMENTS NOT SUITABLE FOR HIGH

IMEDAN : CIRC1iJTRY

3. AN) Ii CONTINUOUS TTNATTMrE)ND MONITORING APPLICATIONS

ON THE OTHER IIAND, IN THE LABORATORY WHERE CONDITIONS ARE DIFFERENT,

THE CHARGE AMP,IFIEP SFTVES A USEFJL,. PURPOSE WHEN VERSATILITY IS

REQUIRED FOR USE W!1i! A W711 RANGE OF PIEZO SENSORS. IN INTERIOR

BALLISTICS APPLICATIONS, THE ELECTROSTATIC CHARGE AMPLIFIER FACILITATES

STATIC CALIBRATION, IN rOME PRESSURE AND FORCE APPLICATIONS IT PROVIDES

FOR QUASI-STATIC PHSPONSE.



SIGNAL CONDITIONING FUNCTIONS
IN

CHARGE AND VOLTAGE MODE SYSTEMS:

* IMPEDANCE CONVERSION
* NORMALIZATION
* GAIN ADJUST

CHARGE MODE SYSTEM:
NORMALIZATION10OTURN POT " "

AP IFE GAIN ADUS

pC/G HIGH IMPEDANCE---- -- OUTPUT I 0 I .. .. .. .. .

~LOW NOISE CABLE .ff_] R EADOUT
CHARGE L, I " ""

ACCELEROMETER / CHARGE
/ AMPL IF IER GAIN ADJUST 7
~(REDUNDANT IN

CHARGE SYSTEM)

IMPEDANCE
CONVERSION//

NJIRMALIZATIQ N
(IN ACCELEROMETER)

j // CURRENT GAI

/ mV /q LOW IMPEDANCE 'SOURCE GAIN

OUTPUT
ORDINARY COAXIAL OR

VOLTAGE MODE RIBBON WIRE CABLE
ACCELEROME I FR MODERN FFT ANALYZER OR
WITH BUILT-IN AMPL. VIBRATION MONITOR WITH

BUILT-IN CURRENT SOURCE
FOR I.C.P. ACCELEROMETERS

VOLTAGE MODE SYSTEM:

PiD
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4. LONG CABLE CONSIDERATIONS:

HISTORICALLY, DRING LONG CABLES HAS BEEN ONE OF THE MOST "GREMLIN"

PLAGUED APPLICATIONS. COMMON PROBLEMS HAVE BEEN ASSOCIATED WITH

ENVIRONMENTAL CONDITIONS SUCH AS DUST, MOISTURE, LIGHTNING AND RODENTS

EATING THE CABLES. OPERATIONAL PROBLEMS INCLUDE GROUND LOOPS, POOR

SIGNAL/NOISE AND AMPLITUDE/FREQUENCY CALIBRATION OF LONG LINE SYSTEMS.

THE CAPABILITY OF THE LOW IMPEDANCE VOLTAGE MODE SENSOR TO DRIVE LONG

ORDINARY COAXIAL CABLES TN ADVERSE ENVIRONMENTS HAS HELPED NEUTRALIZE

OR AT LEAST MINIMIZE THE EFFECTIVENESS OF THE "GREMLINS".

THERE APE SEVERAL GENERAL G)IDELINES FOR DRIVING LONG CABLES THAT WILL

HELP MINIMIZE PROBLEMS AND IMPROVE MEASUREMENT RESULTS.

SEE ILLUSTRATIONS: GENKRAL GUIDELINES FOR LONG CABLE DRIVING

SICNPL DELAY AMPLITUDE ATTENUATION

L fNE RESONANCES

SINCE IT IS RKLATIVE1,Y SIMPlY TO TEST YOUR LONG LINE SYSTEM, THE

MESSAGE HERE IS "TEST", "DON"I GIJESS"!
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LINE RESONANCE (overshoot) ADJUSTING 073A LINE IMPEDANCE
RESULTING FROM SQUARE MATCHING RESISTOR TRIMS OUT
WAVE, FAST RESPONSE, TEST LINE RESONANCE
SIGNAL INPUT

400 ft. RG-62U - No Series Resistor 400 ft. RG-62U - 91Q Series R (073A)

LINE RESONANCE (overshoot) IS CAUSED BY INDUCTANCE IN THE
LONG LINE. THE SERIES RESISTOR ACTS LIKE AN LP FILTER AND CAN
BE ADJUSTED TO TRIM OUT OVERSHOOT.
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OPERATING IN LOW IMPEDANCE VOLTAGE MODE
PERMITS WIDE SELECTION OF STANDARD LOW COAT
CABLES AND CONNECTORS.

ORDINARY COAX

. .. R G-58U
BNC RG-62U BNC

,2-PIN SOLDER CONNECTOR
/ 10-32 THD

.RIBBON WIRE
//

STD IDC
(Insulation Displacement Connector)

RIBBON,.

ADHESIVE
MCUNTIN-

PAD
iF',1



5. RANGING:

QUESTIONS OFTEN COME UP ON RANGING O PIEZO SENSORS. WHY WOULD A

PRESSURE TRANSDUCER RANGED FOR 100 PSI BE SUGGESTED FOR A ONE PSI

MEASUREMENT? WHY DO 3OME TRANSDUCERS LIST A 5 VOLT AND 10 VOLT OUTPUT?

HOW DO I SELECT A TRANSDUCER TO MEASURE ± 1 PSI AT A STATIC LEVEL OF

1000 PSI?

PIEZO TYPE SENSORS HAVE A VERY WIDE LINEAR DYNAMIC RANGE WHICH CAN BE

AS MUCH AS ONE MILLION TO ONE. IF WE TAKE A LOOK AT THE CONSTRUCTION

OF A TYPICAL QUARTZ 1-RESSURE SENSOR COMPARED TO A STLAIN TYPE SENSOR,

IT WILL HELP UNDERSTAND HOW THE WIDE LINEAR RANGE IS ACHIEVED.

SEE ILLUSTRATIONS: QUARTZ PIEZO PRESSURE SENSOR

STRAIN GAGE

NOTE THAT THE PRIMARY DIFFERENCE IN THE TWO SENSORS ILLUSTRATED IS THE

THIN DIAPHRAGM ON THE QUARTZ SENSOR IS ALMOST FULLY SUPPORTED BY A

HIGHLY PRELOPDED RiGID QUARTZ SENSING ELEMENT. THE PRELOAD IMPARTS

EXCELI ENT LINEARITY FOR LOW LEVEL MIPASUREMKNTS AND THE RIGID QUARTZ

COLUMN SUPPORTS THE DIAPHRAGM TO ESSENTIALLY THE YIELD STRENGTH OF THE

QUARTZ.
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QUARTZ PIEZO
PRESSURE SENSOR

B '~KN"t/ RIGID

C''K,// OF/ \\\I

STMKGG

1)PORE " A G-ID



AS CAN BE SEEN, THE DIAPHRAGM OF THE STRAIN TYPE SENSOR IS UNSUPPORTED.

THE DIAPHRAGM MUST FLEX IN ORDER FOR THE STRAIN SENSITIVE ELEMENT TO

CHANGE RESISTANCE. DIAPHRAGM THICKNESS IS, THEREFOR E, GAGED TO SUPPORT

A LIMITED PRESSURE RANGE.

DYNAMIC RANGE TO 10,000 PSI. AS AN ICP, (INTEGRATED CIRCUIT PIEZO

SENSITIVITIES AND RANGES.

SEE ILLUSTRATION: -RANGING

DESCRIBES HOW A TYPICAL WIDE DYNAMIC RANGE

CHARGE MODE TRANSDUCER IS RANGED AS AN ICP

VOLTAGE MODE DESIGN

THE BIAS, (TURN ON VOLTAGE), OF THE BUILT-IN IC CIRCUIT AND POWER

SUPPLY VOLTAGE DE TERMINE THE VOLTAGE SWING:

12 V BIAS 18 VOLT POWER = 5-6 VOLT SWING

12 V BIAS 24 VOLT POWER = 10 VOLT SWING

nTE CAPABILITY TO MEASURE SMALL DYNAMIC PRESSURES UNDER HIGH STATIC

LOAD I A UNIQUE CAPABILITY OF PIEZO PRESSURE TRANSDUCERS. SELECT A

TRANSDUCER WITH! HIG!EST SENSITIVITY WITH SUITABLE OVERRANGE CAPABILITY.
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RANGING

TYxPIC.AL Cl-iARIGF MODE CP PSi PRESSURE SENSOR

L INE AR \'NA ki1 - R AN GE 0 - 10,000 Psi

RANGED AS AN lop'VOLTAGE MODE SENSOR

(Cpen circuit voltage euistlvlty 50 mV/psi')

5V FS 1VFS
SENSITIVITY i RANGE RANGE

50 FflV:'S1 0 - 100 psi 0 - 200 psi

of rr v, 0 - 500 psi 0 1000 psi

CAPACITOR AT INPUT £ nV 00pi 0 - 2000 psi
O F IC(- AIT E i, iU1A TEIJ

S;' GNAL F. INCREASES r, V ps10 5000 psi 0 - 1 0,000 psi

RAN E . mV's 01 10 1000 psi

BIAS VOLT!7,A(iE OF BUILT-I'2 1C AND POWER SUPPLY AND

VO L-TAGE- L L 5EKF)ii C OR 10V RANGE CAPABILITY

12 V ESi A S 8 V POW'11 E R = 5V RANGE

R2 1 r. < V+Rb RANGE



6. MODELING:

COMPUTER MODELING IN THE FORM OF FINITE ELEMENT ANALYSIS, PERFORMED

PRIOR TO EXPERIMENTAL TESTING, PROVIDES INSIGHT INTO THE PERFORMANCE

CHARACTERISTICS OF THE TEST STRUCTURE.

IT IS EQUALLY IMPORTANT, WHENEVER POSSIBLE, TO SET UP AND MEASURE

PERFORMANCE CHARACTERISTICS OF A BEHAVIOR MODEL OF THE TEST STRUCTURE.

SEE ILLUSTRATION OF COMMON BEHAVIOR MODELS

163



TYPICAL EXAMPLES
OF BEHAVIOR MODELS

SHOCK TUBE GUN TUBE
(helium driven) 22 CALIBER

:1
'1 ------ 1" - } _

DYNAMIC CALIeRATION AN D FREQUENCY
RESPONSE rESTINGS Of- TRANSDUCER. CHECK OUT BLAST TRANSDUCERS.

PLEXIG..AS DRP - ..... HII"'E SMALL COMPRESSOR

K ,I -1 ....

_, -, 7

I-iE C K 0 T , (, tE L . A ki' , - - ' ,,
S .AACIT,",I_ IIA PROVIDES HEPEATABLE OSCILI ATING

I A Ai I E'LL AD- P-SSURE SOURCE.

A!I L- I F1,7-

OTHER MODEL IDEAS:

POMLL ONLE CYL. EN - LMBLITiIN

MO'.,OE L C5 If) PO 'V L Y - Hf 1 FJST

M'5 - FEL HEFILD

PFiN ,.' <;N' :,rJ M!JN !A--
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MEASUREMENT OF THE KNOWN PERFORMANCE

CHARACTERISTICS OF A BEHAVIOR MODEL PROVIDES FOR:

" FAMILIARIZATION & CHECKOUT OF INSTRUMENTATION IN

A CONTROLLED ENVIRONMENT WITH LITTLE RISK OF

DAMAGE TO EQUIPMENT

" SYSTEM CHECKOUT-- YOU KNOW INPUT AND DESIRED

RESULTS FROM BEHAVIOR MODEL

* TRAINING OF NEW PERSONNEL IN MEASUREMENT

APPLICATION

" TROUBLE SHOOTING -- TESTING OF QUESTIONABLE

INSTRUMENTS IN BEHAVIOR MODEL

" BETTER ASSURANCE OF SUCCESSFUL MEASUREMENT

(ESPECIALLY IMPORTANT IN COSTLY 1-SHOT TEST)
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DISCHARGE TITME CONSTANT

DEFINITION: DISClPGE TINE CO,"STANT (IYI'C) - TIME REQUIRED FOR A

TRANS[:UCF., OR iMEASURTNG SYSTEM TO DISCHARGE ITS SIGNAL

TO 37t O THE CRIGINAL VALUE FROM A STEP CHANGE OF

MEASUi-,'AND. DISC IGE TIME CONSTANT DIRECTLY RELATES TO

1tHE LOW FREQUENCY MEASURING CAPABILITY FOR BOTH

TRANSIENT AND SINUSOID-kL EVENTS. (DTC SHOULD NOT BE

CONFUSED WI3-TH RISE TIME WHICH RELATES TO HIGH FREQUENCY

RESPONS E A

DISCHARGE TIME CONSTANT IS SOMetIMES CONFUSED WITH "RISE TIME". AS

NOTED ABOVE, IYrC DEFINES 1h)W FREQUENCY RESPONSE. A RECENT CALLER WHO

WANTED TO MAXAE A 'FAST PESPONfZ SUOCK WAVE MRASUREMENT, LOADED THE SCOPE

INPUT WITH A 50 OHM RESISTOR TO "SHORTEN THE TIME CONSTANT" UNDER THE

ASSUMPTION IT WOULD INCRE ASE THE PISE TiME-

THIS CONFUSION MAY ARISE FfKOM THE BEi-INiTION OF "TIME CONSTANT" TAKEN

FROM THE EJECTRONWC DIC!.IGNAI, :GRAW--IIJ, 1978 WHICH READS:

"TIME CCNSTANT S 'iTe T;lE REQUIREi) FOR A VOLTAGE OR
CUPRiT TN A CIRCifT T 0 RiSY 'PO APPROXIMATELY 63% OF
ITS S'r'FMDY STATE FINAL VALUE ------ OR ----- FALL TO
APPROXIMAT/,Y 37% OF ITS INITIAL VALUE.

DISCHARGE TIME CONST ,f; A!..SOC iATF:o WITH TCP INSTRUMENTS INCLUDE:

THE TRANSDUCER DTC W!!I(CIi IF Lr[:'-; Ov THE SPECIFICATION SHEET, AND THE

AC COUPLED POWER UNYi JLtMCtI '.COIJPL, THE BIAS VOLTAGE RIDING ON THE

TRANSDUCER SIGNAL LEAD. I



WITH CAPACITIVE BIAS DECOUPLING, THE CAPACITOR AND THE INPUT IMPEDANCE

OF THE READOUT INSTRUMENT ESTABLISHES A HIGH PASS FILTER WHICH

DETERMINES THE LOW FREQUENCY RESPONSE.

POWER UNITS ARE ALSO AVAILABLE WITH ACTIVE OP-AMP BIAS DECOUPLING

CIRCUITS WHICH PROVIDE A ZERO BASED LOW IMPEDANCE OUTPUT. THIS TYPE OF

POWER UNIT MAINTAINS THE TRANSDUCER DISCHARGE TIME CONSTANT INTO ANY

READOUT LOAD IMPEDANCE. IT IS ESPECIALLY USEFUL WHEN COUPLING INTO

TAPE RECORDERS WHICH HAVE INPUT IMPEDANCE AS LOW AS 20K.

DISCHARGE TIME CONSTANT AND OTHER TECHNICAL INFORMATION IS DESCRIBED IN

MORE DETAIL IN OUR TAN COLORED "GENERAL GUIDE TO ICP INSTRUMENTATION".
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APPLICATION 'ENGINFERING SUGGESTIONS TO HELP SMOOTH OUT

THE MEASUREMENT PROCESS

DIGITAL PEAK tvtf!{R.

WHEN RECORDiNG MNASURE_2"Pf K.I DATP WlI'TH A PIGITAL PEAK HOLDING METER,

MONITOR THE INIUT WAVE FORM WITH A SCOPE. OTHERWISE YOU COULD BE

MONITORING 1OISE FROM A IOOSE CONNECTION OR DISTORTED TRACE FROM POOR

SENSOR INSTPrJj- TT(VN

TRANSDUCERS WITH LONG DISCH1ARGE TTME CONSTANTS:

MAY TAKE LONGER TO IURN ON. MOST PCB UNITS !lAVE A COLOR CODED METER

THAT MONITORS THE TURN ON (BIAS VOLTAGE) OF THE SENSOR. ALLOW A FEW

MINUTES AFI ER TURNING POWER UNIT ON TO SEE IF THE METER POINTER SWINGS

INTO TIF "GREiEN ;&; O1 ThkDICATING PROPER TURN ON.

REPA[R SERVICE:

WIJEN lET('tJRNIN', AN .!'ufM FOR SlkPVICE, ATTACH A TAG TO THE ITEOM GIVING

f't~j',ILS Of *HE I iN fT KM ALSO COMMUNICATE WHEN YOU FEEL THE ITF4 HAS

1'Oi PRtOVIDED GOOD Sk: VJ C% LIIEk Till-S INFORMATION IS VALUABLE WHEN N,-KING

WARRITY AfX1iTM-T '4I_ f1-, 4_'RtVJ nrE ?. KAAE AND TELEPHONE NUMBER SO YOU CAN

BE C.AL,:' IY 1i,.,E.)FT)

ORDENR SPARE CAI.E.K

CAJSL2S Ak-<F' -i. '- *. - ;r' ~','. D A 1. il.WEAKEST ELEMENT IN THE

MEASUR0KINT SYST'Hm. 1-' YOU )ON'T MAKE YOUR OWN CABLES OR MAINTAIN A

STOCK, ORL)ER SPARE CABLES. CABTES WILL LAST LONGER IF THEY ARE TAPED

OR TIED I)OWN T01 PEI[,EVE STRESSE(3 AT T HE SENSOR CONNECTOR.
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TRANSDUCER INSTALLATION

THE IMPORTANCE OF DETAILED ATTENTION TO SENSOR INSTALLATION CANNOT BE

OVEREMPHASIZED. PROBABLY NO OTHER SINGLE FACTOR HAS AS MUCH EFFECT ON

THE QUALITY OF YOUR MEASUREMENT DATA. POOR INSTALLATIONS USUALLY

OVERSTRESS SENSOR HOUSINGS AND DISTORTED DATA. THE SOLUTION TO A POOR

SEAL SURFACE IS NOT MORE TORQUE.

SEE ILLUSTRATION: SEE PRESSURE SENSOR INSTL. & FORCE SENSOR

MOUNTING

MOST MANUFACTURERS PROVIDE DETAILED MACHINING INSTRUCTIONS, SURFACE

PREPARATION, AND RECOMMENDED MOUNTING TORQUE FOR THEIR PRODUCTS. IF

YOU DIDN'T GET THIS INFORMATION WITH YOUR PRODUCT, REQUEST IT.
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PRESSURE SENSOR INSTALLATION

APPLY
RE CC MMEN ,D ED

FrOPQUE TO CLAMP

OFF-CENTER/7/--
~/'~<~j EENLY

SIDE WALL '7/

STRAIN Cj+ E N. T CENTR ED '

PROPER ALIGNMENT
STRAIN FREE MOUNT

FCRE'~ IN I RiNS' AO LN

[~~~~ 0,/u'; D I I N GA

x/



COMMUNICATIONS:

WHEN CALLING IN FOR APPLICATION ASSISTANCE, PROVIDE AS MUai DETAIL AS

YOU CAN. A BRIEF DESCRIPTION OF YOUR APPLICATION, APPROXIMATE RANGE,

FREQUENCY RESPONSE UNUSUAL ENVIRONMENTAL CONDITIONS, AND WHETHER IT IS

A TEST OR CONTINUOUS MONITORING IS IMPORTANT.

EG: QUESTION: WILL YOUR TRANSDUCER OPERATE AT 1200°F?

ANSWER: YES AND NO, IT DEPENDS ON A LOT OF OTHER FACTORS.

BETTER QUESTION: DO YOU HAVE A SENSOR THAT WILL MEASURE LOW PRESSURE

EXHAUST PRESSURE PULSATIONS IN A DIESEL ENGINE AT 1200°F?

ANSWER: YES, MODEL 112A21 50 mV/PSI ACCELERATION COMPENSATED

TRANSDUCER MOUNTED IN THE MODEL 64 WATER COOLED ADAPTOR OPERATES

VERY WELL FOR YOUR APPLICATION. THEY ARE DESCRIBED ON PAGES 13

AND 26 IN THE CATALOG. ARE THERE ANY OTHER UNUSUAL ABOUT THIS

APPLICATION.

WHEN CAIJ ING ABOUT EQUIPMENT PROBLEMS OR OPERATION.

1.) HAVE MODEL NUMBERS OF SENSORS AND SIGNAL CONDITIONERS.

2.) HAVE CATALOG AND MANUAL IF YOU CAN LOCATE IT AT HAND.
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WHAT DOES SHORT-TERM STATIC RESPONSE MEAN?

YOU MAY SEE REFERENCE IN THE LITERATURE TO THE EFFECT THAT A SENIOR MAY

HAVE USHORT-TERM" STATIC RESPONSE AND IS SUITED FOR -QUASI-STATIC-

MEASUREMENTS.

THE USE OF SUCH ijDiOEFNED TERMINOLOGY IS PURPOSELY USED TO ILLICIT

CUSTOMER QUESTIONS ON WHAT IS MEANT BY "SHORT-TERM" AND TO OBTAIN

MEASUREMENT DETAILS NECESSARY TO DETERMINE IF THE SENSOR IS SUITABLE

FOR THE APPLICATION. KEEP- IN MIND THAT MANY QUARTZ SENSORS HAVE

EXTENDED DISCHARGE TIME CONSTANTS LONG ENOUGH TO PERMIT STATIC

CALIBRATION. IN SOME CUSTOMER APPLICATIONS REQUIRING NEAR STATIC

RESPONSE, CERTAIN CHARACTERISTICS OF 111E QUARTZ SENSOR MAY BE HIGHLY

DESIRABLE.

SUCH DESIRABLE CHARACTERISTICS MAY INCLUDE:

HIGH STIFFNESS

SMALL SIZE COMBINED WITH HICH RANGE

HIGH VOLTAGE OUTPUT

RUGGEDNESS AND LONG LIFE IMPARTED BY SOLID STATE DESIGN

HOW LONG A QUAIRTZ TRANSDUCER WILL MEASURE A STATIC EVENT IS DETERMINED

BY SEVERAL VARIABLES, INCLUDING:

DISCHARGE TIME CONSTANT OF THE SENSOR AND

TKE.IMAL AND OTHER ENIRONMENTAL CONDITIONS
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DURING THE APPLICATION DISCUSSION, THE TIME DURATION OF THE MEASUREMENT

EVENT IS DETERMINED RELATIVE TO THE DTC, TEMPERATURE VARIABLES AND

OTHER ENVIRONMENTAL CONSIDERATIONS. WITH THIS INFORMATION, IHE

APPLICATYON ENGINEER CAN DETERMINE IF THE SENSOR IS SUITABLE FOR THE

CUSTOMERS APPLICATION.

OFTEN, WHAT IS "STATIC" AND WHAT IS -DYNAMIC- IS IN THE EYES OF THE

BEHOLDER.

A TECHNICAL REPORT R-fKRS TO A TEST RUN TIME OF 1.5 TO 6 MILLISEC WHICH

IS ENOUGH TO ACHIEVE "STEADY STATIC CONDITIOrSm.

"AN(YL'HR CUSTOMER ADVTSES HIS PRESSURE APPLICATION IS DYNAMIC--"IT

CHANGES TWICE A DAY".
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BIAS VOLTAGE

AN OU!tJPUT OFFSET VOLTAGE, COMONLY REIERRED TO AS "BIAS" OR -TURN-ON"

VOLTAGE, IS A NATURAL CfA.RACrERISTIC OF FIELD EFFECT TRANSISTORS USED

IN ICP SENSORS WHEN POWERUD FROM A CONSTANT CURRENT POWER SCJRCE.

IN AN ICP SENSOR INCORPORATING A TWO WIRE SYSTEM; THE SIGNAL RIDES ON

TOP OF THE DC BIAS VOLTAGE. THIS DC VOLJ'AGE IS RE-OVED IN THE POWER

UNIT BY MEANS OF A CAPACITIVE BIAS DECOUPLING CIRCUIT OR AN ACTIVE OP-

AMP CIRCUIT.

MONITORING THE DIC BIAS VOLTAGE WITH A METER CIRCUIT IN TIHE POWER UNIT,

INDICATES NORMAL OR FAULTY SYSTEM OPERATION. THE COLOR CODED READOUT

METER. OR LED, INDICATES NORMAuL OR FAULTY OPERATION.

ICP SENSORS ARE AVAILABLE WITH BIAS VOLTAGE IN THE 3 TO 5 VOLT AND 10

TO 12 VOLT RANGE.

BY ORIENTING THE CRYSTAIS IN THE SENSOR 'TO PROVIDE EITHER PLUS OR MINUS

OUTPUT POLARITY AND CHOOSING EITHER A LOW OR TiIGH BIAS ELECTRONICS, ICP

SENSORS CAN BE PROVIDED TO OPERATE FROM VIRTUAIJY ANY SUPPLY VOLTAGE.

SEE ILLUSTRATION-TYPICAL 2 WIRE ICP SYSTEM
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ZERO SHIFT

THERE ARE SEVERAL CAUSES OF ZERO SHIFT, AND APPARENT ZERO SHIFT.

POTENTIAL CAUSES OF ZERO SHIFT AND THE CONDITIONS WHERE IT IS LIKELY TO

OCCUR ARE ILLUSTRATED.

SEE ILLUSTRATION-ZERO SHIFT

179



ZERO SHIFT

0 0

MEASUREMENT CONDITIONS
ZERO SHIFT CAUSES: LIKELY TO PRODUCE ZERO SHIFT:

Sensor design or quality High frequency metal-to-metal impact

Mounting stress on sensor Non-precision mounting surface or
port overtorquing

Transient thermal effect Flash temperature associated with
shock or blast waves-no thermal
ablative

Short discharge time constant Longer duration half-sine or nuclear

simulation events

Uneven loading Edge or side loading of sensor

Non-symetrical filtering High frequency, heavily-filtered data

Spurious electrical inputs EMI, RF or electrically actuated events

Erratic connection: open High shock environment
circuits
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RECOGNIZING ERRATIC CONNECTION

SEE ILLUSTRATION-THE MICRODOT CONNECTOR

ON MANY SENSORS USING MICRODOT CONNECTORS, THE GROUND CONNECTION PASSES

THROUGH THE FLOATING THREADED CONNECTOR.

IF THE CONNECTOR LOOSENS DURING A MEASUREMENT CAUSING AN INTERMITTENT

OPEN CIRCUIT, IT CAN ACT LIKE A SWITCH. IN ICP TRANSDUCERS, THE SIGNAL

WILL GO TO THE SUPPLY VOLTAGE AND SHOW FULL SCALE SPIKES AS

ILLUSTRATED.

SEE ILLUSTRATION-SOLDER CONNECTOR

THE SOLDER CONNECTOR ADAPTOR, RECOMMENDED ESPECIALLY FOR HIGH SHOCK

APPLICATIONS, IS OF ONE PIECE DESIGN, AND MAKES A MORE POSITIVE GROUND

CONNECTION.
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THE MICRODOT CONNECTOR
AN ELECTRICAL SWITCH?

FLOATING CONTACT MUST BE MADE
NUT AT THIS INTERFACE TO

PREVENT OPEN CIRCUIT
~SHIELD

- --------- SIGNAL/
- ------- - :. .- .- .:-:-... ..::-.- -: " P O W E R

I s o

ERRATIC CONNECTION USUALLY PRODUCES
FULL SCALE SPIKES
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SIG/PWR

GND
FUSED

G LASS'I'M ETAL
FEEDTHRU

GND

070A09
10-32 SOLDER CONNECTOR

183



COFLEX SYSTEMS

SEE ILLUSTRATION-COMPLEX SYSTEM

THIS ILLUSTRATION IS NOT NECESSARILY THE APPLICATION ENGINEERS

PERCEPTION OF YOUR DATA ACQUISITION SYSTEM. HOWEVER, IT IS NOT UNUSUAL

FOR THE APPLICATION ENGINEER TO BE ASKED TO INTERPRET THE OUTPUT DATA

AFTER IT HAD BEEN RATHER EXTENSIVELY CONDITIONED.

AFTER PURSUING POSSIBLE SENSOR INSTRUMENTATION PROBLEMS INCLUDING

GROUND LOOPb, CABLE INTEGRITY, AND OTHER ENVIRONMENTAL CONDITIONS, HE

WILL MOST LIKELY SUGGEST:

1. LOOKING AT THE INPUT ON A REAL TIME BASIS TO DETERMINE

IF THE INPUT IS GOOD OR

SEE ILLUSTRATION-492A SENSOR SIMULATOR

2. TO PROVIDE A KNOWN INPUT TEST SIGNAL DISCONNECT THE

SENSOR AND APPLY A KNOWN TEST SIGNAL FROM THE 492A SENSOR

SIMULATOR. THE 492A PROVIDES A 100 Hz SQUARE OR SINE WAVE

INPUT OF KNOWN AMPLITUDE.

ONCE YOU HAVE DETERMINED THAT THE INPUT SIGNAL LOOKS GOOD, THEN IT MAY

BE A JOB FOR A SYSTEMS ANALYST!
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SENSOR SIMULATOR

Model 492B

MODEL 4926

0' 4

(,tin ~ () (lcIR~ AnAi uitR
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CONCLUSION

WHILE DYNAMIC MEASUREMENTS MIGHT STILL BE SELDOM ROUTINE, THEY ARE

BECOMING MORE AND MORE ROUTINE. INCORPORATION OF BUILT-IN

MICROELECTRONICS HAS IMPROVED PERFORMANCE, SIMPLIFIED OPERATION AND

MADE SENSORS MORE TOLERANT OF ADVERSE ENVIRONMENTS. IN ADDITION TO

GREATLY REDUCING THE PER CHANNEL COST.

TODAY, ICP TYPE SENSORS ARE USED EXTENSIVELY AND SUCCESSFULLY FOR

UNATTENDED CONTINUOUS MONITORING OF DYNAMIC PHENOMENA ON MACHINERY AND

STRUCTURES IN TOUGH FACTORY, FIELD, AND UNDERWATER ENVIRONMENTS.

WHEN YOU GET INVOLVED WITH THAT "UNUSUAL APPLICATION", SEEK APPLICATION

ENGINEERING SUPPORT - DON'T USE THE "DART BOARD" APPROACH.

SEE ILLUSTRATION-DART BOARD
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selectable 3dB point at 0.5, 2• 5, or ii Test - oenerates test excitation
10K H--. The roll,-.f of the low -ass signals and evaluates responses, and
filter may be selectable to accon'odate generates serial output data. The test
a smooth tailorinq of compensation 'or data is selectable by external command
crystal resonance and therefore, ext, Od- and could include a status code with
ing the transducer bandwidth. A bypass summary operating oonditions, a pulse
selection of either or both filter train of vzriable length and frequency,

t>,s F also p,-,ssible, and an ID code (an ASCII pulse train
with the model, transducer type, and

,at 1,n - e Icti:rs of x!, x10, xleO locatirn cded).
in-lcase or decrease in signal ampli-
tide. Automat r: q ain control conuld be t .,>ntrol - decodes c-mmands and sets
ipplied, hot this oould require an ind.- conditions to control operation.
oat ,n to the data acquisition equipment Commanded operations include:
of the mafinitude of the new gain factor - input new stored data.
and at what poiit the change occurred. - transmit ID code,

- transmit pulce train of n
f . Irte:rate/D1fferentiate - one or two pulses at "m" frequencY,
Et ,ges o f inteoration or differentiation - perform test,
-f the filtered siunal is selectable. - perform calibiate.

Cg i tput Select/Drive - an analcg The output will remain in the sensor
.t ,  the sensed siqnal and si-nal condlition until a command is
, st data. The output is a low iimpe- received.

!-,rce -atlp drive. Th-,. selection is made
,n . ommacod fr-m the Interface Hiodule.

!I £,wer - "e! IaI,t, the volt ae levels
r e d t ch ' cpe rat ln aInd sen sor

Ch iIes i: ;_ lvels are sensed
t • i itl 0 ' ItrI2 tIons.
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FIGURE A. MULTIFUNCTION TRANSDUCER MICROCHIP BLOCK DIAGRAM
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A COMPUTER PROGRAMMABLE TRANSDUCER MICRO CIRCUIT

Q: Steve Baker (Oakridge National Laboratories): I notice that you
have several chips on board right now in the hybrid state and you are
finally going to have one chip. Where do you get the power for this
chip? Does it come down the line?

A: Kenneth Appley: Right, down the line, over the same two wires.
This is standard now. That is not new technology. The power is being
supplied and the sense signal comes back over the same lines.

Q: Steve Baker: Just one or two questions about performance. What's
the resolution in terms of bits of your signal? Is it going to be
like a 12-bit signal coming out?

A: Kenneth Appley: We are still working on that. My first calcula-
tion showed that it is probably going to be at least that. Now this
is an analog signal coming down the line. There is no A to D con-
verter in it. That is about the resolution that we are going to need.
We are not sampling so we don't have all of those problems right now.

Q: Pat Walter (Sandia National Labs): Acceleration signals by defini-
tion in nature are typically wild. What logic are you putting into
gain changing? What is the criteria to autorange it? The double
differentiation is really a tough problem, especially if there is any
noise present at all. Any comments on that?

A: Kenneth Appley: On the first question, we don't think that ac-
celerometer signals are that wild. We are not trying to assume how
this thing would be used or what your environment is. Everything is
programmable. We are putting in capabilities to do things and it is
up to the user to decide what he wants to do and when. The capability
will be there to program gain selections of 1, 10, and 100. So if you
find that the things are too high, or that your signals are getting
clipped, at that point you can change the gain. It is not an
autoranging. Autoranging is a tough thing to do, especially in a test
environment. If this device arbitrarily goes out and changes the gain
for you, I don't think that you are going to be very happy unless it
does two other things: it tells you when it did it, and it tells you
by how much it did it. Now those two things are a little more than we
want tD bite of; right now to fit into the data stream. 2his is not
an autoranging device. The whole thing is set up as a programmable
device. Some of the programming is done at the factory. Some of the
programming is to be done as the device is installed, and then others
in on-line programming. The gain change and frequency response, those
are things we feel that you would probably want to do installed. In
other words, you do not want to take the accelerometer or the
transducer out: and put it on a programmer. That is why one of the
program paths is through the interfaces. It is there all of the time.
All you have to do in interrupt the data flow. You lu that before or
after the test. Now, on your other question about double differentia-
tion, we don't know what we are going to do with that second stage of
differentiation. It is talking about disappearing unless somebody
here can reaily see a need for it. The dDuble integration is ob-
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viously necessary. The first stage of differentiation is good but, we
don't know what the noise environment is going to be and double dif-
ferentiation surely wouldn't help that.

Q: Steve Kuehn (Sandia National Labs): Exactly what does your cell
test scheme encompass? Are you verifying that the crystals are ac-
tually working, or are you just putting a signal in after the crystal
input or what?

A: Kenneth Appley: Right. There's two techniques th t we have used
already for accelerometers. In both techniques, the signal goes
through the crystal. We are actually injecting it into the crystal.
That means that any acceleration you have during the time of the test
is going to foul up that test data a little bit. That is under the
user's control. You have got to be careful when you are doing some of
these things. If you want to verify that your primary sensor is work-
ing, it can't be doing other things at the same time and that is ob-
vious. That is the only thing that you sacrifice, but we are inject-
ing the signal directly through the crystal and then evaluating this
on the other side. We have the capability of running this pulse train
through the crystal, too. There is some thought that by analysis of a
square wave signal coming back you may be able to determine frequency
responses, so that is why the square wave is in there: for your selec-
tion to set the pulse train and the pulse width. It may be very use-
ful in testing to have to know that you have started with a controlled
square wave, and see what happens as it comes through your whole sys-
tem.

Q: Leroy Bates (NSWSES): Are you designing this for a specific ap-
plication or as a general purpose?

A: Kenneth Appley: No, it's a general purpose. Like I said we are
trying not to make as many judgments on how it's going to be used. It
is all programmable. We are making judgments on the extent of the
program. Like I showed in the one slide depending on how many itera-

-tions we have to do around the trade-off loop, trading off the size as
to the functionality, like the second differentiation if it doesn't
give us enough function, if it really not that useful and it is taking
up a lot of real estate, that is one of the tradeoffs that you would
make.

Q: Steve Baker (Oakridge National Labs): You haven't talked any about
what happens at the PC end, or how you get the data on and off. Have
you worked any on that end of it, and if so, what are you planning on
providing?

A: Kenneth Appley: On the PC end? We have looked at the protocol
and the data transfer, and I have some thoughts on how I a'n going to
do that. It is not going to be very complex. It is not going to re-

quire a big software package. It is a standard RS232 interface to
send over some ASCII characters. The device will interpret those AC-
SII characters and siE.t up the system to do that. There will be a min-
imum of a two-word transfer the way it looks right now, maybe up to as
many as a 10- to 15--word transfer to do different things. Another
function that we are going to include is temperature compensation.
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The sensitivity of crystals in the accelerometer changes with tempera-
ture. There will be a sensor on board to sense the temperature and
make adjustments in the output as a result of temperature changes.

Q: Larry Rambert (Allison Gas Turbines): Have you given some thought
to the time between selecting accelerometers? In other words, if you
are in a multiplexing system you have to address each one of these
things to give you a signal back. Your simultaneity of data is going
to be some what degraded, I would think.

A: Kenneth Appley: In the initial stages, we are proposing one inter-
face module for the chip. As far as the multiplexing scheme, it is
very easy just to multiplex the modules. But that is a system con-
sideration, and has to be of a concern. I haven't calculated loop-
time specifically, the time you trigger it until the time you get a
response, but it is going to be in the millisecond range. I know that
if you are looking at 500 devices, that could be a long time. But
that comes down to the system design. In other words, you could set
it up so these were addressed in parallel and intermediate memory is
there to handle that, or you can just take time off-line and talk to
them all. It is completely under your control when the tests are done
and when all of the communications are done.

Editors Note: Dick Talmadge: I think that there might be a miscon-
ception as to what role the PC plays in this system. The microcircuit
in a normal measurement mode is transparent to the operation of the
transducer. The PC is used to program the function of the transducer
(filter characteristics, integration, rentiation, etc.) and is
normally done on the bench. At that time, the transducer will store
and maintain the functionality and produce an analog data signal out-
put as before. The calibration and self-identification features of
the chip require an interface control in the signal-conditioning sys-
tem to command the responses which are sent over the two-wire data
line as a serial bit stream. The signal conditioning system will have
to include the processing system for this data or it could be recorded
with the data and post processed.
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Errors in field wiring can result in sil~niicaint correctiti costs As we become increasingly reliant upon computers and other
(if the errors arc discovered prior to USCe, in crr.oncous or intelligent devices to control equipmcnt and to automate
unusable data (if the errors are not discovered in (uml-), ot in processes. we als-~ increase our dependancc on electronic sensors
serious accidents (if the errors corrupt ni:.,iton-esse.\ntitl data). and actuators and on interconnecting wiring. Fortunately, this
DetajiL0 field wiring checkout and rk-\ ork are tc-dious and trend is accompanied by a sharpened awareness of the issues of
expensive. hut they arc essential steps in the quaiitv assurance qjuality assurane, safety, and reliability.
process for large, complex instrumientation and control svstcuss A DACS comprises several components: thc

A recent Oak Ridge National Laboratory (ORN1.) computei /controller, sensors and actuators, signal
development, the remote senisor/cable Jdentficie (RSCI). conditioninig/multiplexing circuits, and signal transmission media.
automnates verification of Field wiring. In the RSCI system, an Vat ious segments of the instrumentation, computer, and
idettifier nmodule is installed on or integrated into) each electronics industries aire addressing the quality issues relating to
compo~nent (sensor, actuator, cable, distrib-ution paincl, etc.) to these components. Redundaincy, higher levels of embedded

be ve-rified. Interrogator modules, conitrolled by a p~ersonal intellitocrncc. comiputer-aided engineering tools, on-line sell-testing.
computer (PC), are installed at the connections of the field and inniovative design techniques are being tipplied to ensure
wiring to the inputs of' the data acquisition and control >s-tcni quality and to increase reliability.
(DAQ Itt tnterro gator mo d ules poll the comllponmen ts co n ie.:td I iwever the problenms of con figu rat ion co n trol a nd field
to) each channel of the DACS and are able to dettimine the wiring integrity seem to have eluded such technically,
path ttaken by each channel's signal to or from tile end device sophisticated approaches. DACS today can include thousand~s
for that channel. The system will provide not only the 11) code Of senIsors, actuators, intermediate termination points and malls
for the cables, and patch panels in the path to it pariticular sensor cables consisting of nmiles of wires. Confidence in systent
or actuator, but individual cable '0IU.ttdtcWto ID as ts I 0e!WTh configu r !I iin depends oin the answers to three hai questions:
Ucrsion itt the system1 useS est:.inc, :,Inil'sre fo r What senstor or actuator is actually connected to which channel?
ci nrnmu ri tat it ns bet s~ccli RSC1 it mi cf.N Anolhe r, ill re What is the signal path front each sensor ior act uat or toi it~s
powerful version fequires at dcdirated C idLuctor ii each Cable. connection at the computer/controller? What is the integrity of'
Bo th scrvsions can Operate with or .,ithuo t ill' Iruime Ut p.iwe r that paith.' T1hese questions are very important. Even though
applied and neither interferes with the nornial ioperaitiont (t the individual DACS components function reliably, the resulting data
DACS. Identif'ier modules can provide a variety ofiniornation canniot bie trusted unless intercoinnecting wiring is verifiably
including status and calibration data, correct.

Dcta!s of this technolog, which received a 1987 IR-ltM
Award, and plans for adapting it to NASA launch pad EXISTING TECHNOLOGY
applications are discussed.

The proesas control industry has begun to address the area
oft systemn configuratio n attd integrity in at somewhat indirect
manner. Multi-drop communication links are available that
simplify thie interconnection of digital components and

_________________ conliunieal ions standards (e.g, RS-485 or BitBus) promote
'Research sponsird by National Ar. 'nattcs and Space interoieribilits by, specifying hardware interfaces. data rates.

Administration. Kennedy Space ( enter. jinklr I nteraigcncy electrical chiir,icteriics, and loading fictotrs Commercially
Agreement No. 1920-130)35 Al. availiblec special-puirpose transceivers assist in imtplemtenting tlians

"Operated by Mar tin Marietta Frnergyv Systemts, Inc.., lor the of these staindairds. All oft these developments provide tootls for
U.S. Departnment of' Energ under (s inttiet D.I:- V'05 attacking c infiguation etoitrol and wiring integrity pit 'lkems, hlut.

94OR214X). clearly. they are insufficient alone.



For several years, the industry has recognized the shortcomings In the early 1990s, work began on sensor identifier technology,
of purely analog signal links to field devices. A new class of and, after several approaches had been evaluated, the first
sensors with embedded intelligence is becoming available from demonstration system was built and tested in 1984. This system
process control equipment manufacturers. Most "smart sensors" featured a single-board computer that interrogated passive
still use traditional 4- to 20-mA analog current-loop signaling, but "dumb" identifier devices via the sensor signal wiring. This
high-frequency digital signals can be superimposed for system was able to provide the identity code of the end device
communication with hand-held programmers. This technique connected to each channel of a star-wired data acquisition
limits the use of smart sensors to low-bandwidth DACS. Because system.
of the proprietary nature and incompatibility of the hardware and
protocols in existing systems, smart sensor. have yet to gain wide DFSCRIPTION OF RSCI SYSTEM
acceptance.

In response to these incompatibility problems, the ISA SP-50 T'e RSCI sy.stem expands the capabilities of previous
Committee is developing the FieldBus standard. This standard developments by distributing intelligence to the remote identifier
will specify signal transmission media, signal levels, and modules and is intended for retrofitting to existing DACSs or for
communication protocols for a multidrop serial digital data link integration into new DACSs.
for communication between field instruments. Committee The RSC system has three basic components as shown in
members represent manufacturers, government, and end users. Fig. 1. A host computer and its resident software provide an
The standard should be issued for comment by the end of this operator interface and maintain the overall system data base.
year. Intelligent master modules provide the field wiring interface and

intermediate storage for configuration data. Intelligent ID
PREVIOUS WORK modules attached to (or integrated into) each cable, sensor,

actuator, or other component to be identified respond to
During the 1970s, the Instrumentation and Controls Division inquiries from their master modules by providing identification,

of ORNL began to realize that an automated system for verifying status, and housekeeping data. The RSCI system operates with
the configuration of large research experiments could be active or idle DACSs and does not interfere with normal DACS
extremely valuable. As the power of available computers operation.
increased, the size and complexity of the experiments and On power-up, a master module sends an initialize instruction
processes that they controlled grew and the number of down a dedicated data line to the first module in the serially
parameters to be monitored and controlled swelled connected chain of identifiers. This ID modiule responds by
correspondingly. Systems with several thousand sensors and sending its unique ID code back to the host and placing itself in
actuators were not uncommon, and configuration control became "transparent" mode so that subsequent commands from the
a major issue, master module are passed through. The next initialize command
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Fig. 1. Connection of RSCI components.

224



reaches the second ID module in the chain. shich responds with .-..

its own code and then places itself in transparent mode. This
process continues until all modules in the "daiss chain" have
identified themselves. Thus the master unit knows not only the
ID codes for all modules connected to it. hut the order of their
connection as well.

The master module assumes that all II) mnoduics have been
polled if a predetermined time increment passes with no response -

to the last initialize instruction. It then sends an initialization"

take themselves out of tiansparent modc_ and !-,tcn for ncssages - .
from the master module. If anI) nodumc rce-tcs a message - I
addressed to the master module or to another ID module, it -----

simply retransmits the message in the appropriate direction. If
an ID module receives a message addresed to itoclf, it cheeks its
own status or retrieves the required inlorniation fron memory
and responds accordingly.

When the master module has identified all of the ID modules
connected to it. it proceeds to det,_'rminc which cnd device Fig. 2a. RSCI cable ID module.
(sensor or actuator) is connected to each DiACS input/output
(1/O) channel. To do this, it excites one of the signal wires
connected to each channel with a high-lrcquenC, pulse train and
then interrogates the end-device ID modt.le. (via the RSCI data
line) to find which ones cin detect the pulses nn theit signal _

lines.
Master modules perform configuration updates at regular

intervals to detect any changes that may occur. Upon instruction
by the host computer, the master modules execute "configuration
dumps" or perform other, more specialized tasks Nmcit as fetching -

housekeeping infoination from an ID module ;echecking the
status of a suspect ID module. or performing di:gnostic tests.

In this manner, the host ctompuler is able ti present system -

configuration information from th,: sy.em iata ,.a in sev,,cil
useful formats:

1. A graphical presentation of the system configuration, or a
more detailed description of a specified subsystem Fig. 2b. RSCI master module.

2. Identification of the end device on any partimli DAC UO
channel

3 The path including cable and jun tion box lDs) it) any given
end device ports. In large systems, the host is linked to the master modules

4 A list of all end devices whose data o)r control sigrt!s pass through data concentrators over a commercially available local-
thiugh :! given cablo, area network (LAN) as shown in Fig. 3.

ID modules are designed around the Motorola 68HC05 high-
ID noalcs can store other useful inforrnation such as in- speed CMOS microcontroller. This chip was selected as the

scrvie dates, calibrtion ;nd d!a, and dcs,:riptivt iwfomation RSCI module CPU for its (1) low power consumption; (2) built-
about the type of conpI)Onet WI whi&h the moidule Is ,ttached. in serial communications interface: (3) large number of digital
The end user will determine what "housekeeping" data n, include. I/0 lines: and (4) availability with internal PROM, EPROM. or
If calibration dates ;uc included, fto _xamlc. the user could EEPROM. Another feature of the chip. the high-speed serial
instruct the system to poll all end devi::cs and assetnhlc a list of peripheral interface, will be used to add "hot backup" redundancy
all components that will require recaliriation in the following to future versions of the RSCI modules. EEPROM chips are
month, being used in the early development stages and will be used for

Each module contains a mitrcontr, ler, a communications applications in which field reconfiguration is desirable.
interface, and pwer-condltiioning citcuitr,. Ftich ID module has Modularity and maintainability are being emphasized heavily
a failover switch to al'o, rcessages r,,m (tihcr ilmodu!c, to pass in softyare development, which is using state transition
through in the event of a ,)lajl hardwmc or sofiw,' Iihire (Fig. techniques. ID module programming is in assembly language
2a). Master modules and end device ridiles live, cmnections for speed and code compactness.
to selected DACS sicn.:l lines (Fig. 2h) J hi sut'ri! data line is
also used to distribute iwer, thus mtoimizmug the n"umner of Design goals for the RSCI system include:
cablc conductors that must b. dekicated to the,' RSCI ., tem.

In the system under development, each mi.tcr mot 1:,l can I. Module cost: less than the cable or end device to which the
accommodate up to 30 ID modules. U.,ially, one mustcr m oduletc is attached.
will be required for t.ach trunk cable (a mli pair cbl c irrying 2. Size: diameter equal to or lcss than a trunk cable connector
signals from several sensors). In smaller systems, the host so that cable ID modules can remain attached to the cables
communicates with the master modules using standard :,eril when they are pulled.
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Fig. 3. Large RSCI system architecture.

3. Speed: ten minutes to determine the configuration of a 600- device modules and -200 cable modules will be delivered in
component system. this phase. KSC technical involvement in the project is directed

toward using an expert system to process data generated by the
PROJECT SCOPE AND STATUS RSCI system, thus reducing the effort required to analyze the

configurations of large DACSs.
ThL RSCI development effort is being sx)nsored by the Thus far, several prototype RSCI master and ID modulcs have

Engineering Directorate of NASA's Kennedy Space Center for been built and the system's ability to determine the physical
potential application to the Advanced Launch System (ALS) ordering of interconnected modules has been demonstrated.
Launch Processing System (LPS). This system will be a large, Efforts are under way to fit the prototypes to a mock DACS for
complex, geographically distributed DACS; several thousand a demonstration of the system's sensor-channel matching
,,omponents must be included in its configuration control capability.
program.

This development eftert if divided into three one-year phases. CX)NCLUSIONS
Fhe first phase will deliver a s.stem that determines the cable
and sensor configuration of a small DACS. thus demonstrating The RSCI system offers valuable features not now available
the validity of the basic software, hardware, and communications and not promised by new industry standards currently under
protocol designs. The second phase is aimed at exploiting the development. Its self-documenting autoconfiguration function
distributed intclligcncc of the RSCI modules by adding the will greatly reduce the manual labor required in cabling checkout,
capability to process a variety of housekeeping data, to identify whether for troubleshooting or for quality-assurance purposes.
cicly cable conductor in the pith to every end device, and to Records generated by the system are useful for highly reliable
detect and locate wiring faults. Additional phase two efforts will archival data storage, for po)st-incident analysis, or for tracking
include designing the system data base, developing cffective ways individual cable or component histories.
to present the configuration data to operators and to other This technology has application in many dill'-rent industries--
computers, and integrating the data concentrators and tb, LAN wherever there is a need to verify the integrity and configuration
into the overall system. of a systefi of clcctrical devices, active or passive. Potential

The final phase will concentrate on miniaturizing RSCI applications to lossil and nuclear power plants arc under
modules and ensuring that they meet KSC environmental evaluation. Integration of certain RSCI features with the
requirements. A medium-scale RSCI system with - 100 end- emerging FieldBus standard will be examined when it is issued.



A REMOTE SENSOR/CABLE IDENTIFIER

Q: Ray Reed (Sandia National Labs): I think this is really an excit-
ing prospect having a capability like 'his. I think anyone who has
been in the field with a large system and a -mall staff and has any
concept of the need for validating measurements has to appreciate what
you are doing. I had one question. A number of years ago ::hon wewere
in the coal gasification research we fielded large systems with many,
many thermocouples and other sensors as well. I would really have
loved to have a system like this available because we were having to

of the things that we did at that time was to note that while most
signal systems, most multiplexers deal with cables pair by pair and
fixed pairing, that in some instances, particularly with regard to
thermocouples and perhaps other sensors as well, you have a number of
validation possibilities where you are looking not simply pair by pair
but looking at individual lines paired in different ways. For ex-
amplc, you frequently want to measure the isolation of a sensor from
ground or from other sensors. I am wondering if your system might be
adaptable to multiplexing of the signal lines in various ways?

A: Steve Baker: You mean maybe with separate pairs of signals cc-inq
into a large system or s-mething? Not necessarily a cabled system; is
what you are saying?

Q: Ray Reed: Some sensors can be designed to benefit with multiple
lines; not simply a single pair but perhaps 3, 4, or 5 lines. Any
shielded coax, for example, has three lines and normally you think of
the signal pair, but very often you would like, for validation pur-
poses - and that is on_ c f your concerns - to be able to measure quan-
tities not only between the signal pair but between each individual
signal line and ground. I just mention that would be another augmen-
tation of this system that would amplify your validation possibilities
considerably.

A: Steve Baker: W;hat 1 really didn't show when I said that we would
be capacitively coupled to the signal line or sensor is that from a
master ::,odule we can couple to every line going out to a transducer,
be it signal lines, be it power, be it any other control signals. We
can plt that high frequency pulse train on all of those lines. Be-
cause all of those io to, the sensor therefore they all g to that sen-
sor ID module. We can look at each line separately and determine the
integrity of it and we can communicate all of it back on that one line
that is dedicated for us. We can't do things like meg it or tell if
the insulation resistance wire to wire is not high. We can verify
that indeed there jS a continuous route through each one of those sig-
nal lines.

Q: Bill Cardwell (GE, Evendale): I think that you partially
answered my question in your last statement, but looking at something
like this for a test cell environment where we have many cells coupled
to a single data room, and not all of the lines in a particular cell
may be utilized for a uarticular engine test, most of our sensors do
not have the smart response and consequently wouldn't have any active
feedback. Would it be possible to use something like this in a system
where not every wire bundle or every wire pair was connected at a par-
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ticular time? In other words, could I put it at the end of the cable
and just use that as a method of identifying which wire pair was in
fact hooked up for a particular test?

A: Steve Baker: Yes, I think you could. Every cable that we have in
the system, be it a large cable that would carry multiple signals or
be it a small cable that goes out to a single transducer, we would
have smarts built into the cable connector so that all of the signals
that went out whether they were connected to a sensor or not, would be
interrogated. It is really based upon the idea that every wire that
Uni, h l,- ritrwt niit nf vniiv- vstern ca- be interrocated. We can tell
you that that wire gets from pcint A finally through to point Z. We
are really not integrating this into the sensor as such, we are in-
tegrating it into the cabling, into the transmission media. We do it
simply by having a commercial manufacturer or manufacturers produce
these things, like 10-pin Amphenol cables, 61 pin, 100 pin, 20 pin or
whatever. As long as tho assumption is, for example, pin AA, wire AA
is ded'cated for our use. £hat is all we have to have. I didn't
really describe this, but there wiil be some programming boxes where
technician enters all of this housekeepiny inifuntation. It is entered
into a nonvolatile memory on that little connector. Then he takes
that off and goes out into the field and screws it in between the sen-
sor cable and the sensor (and hopefully, it would be waterproof, etc.
and it would have the same type of integrity that the cable does) and
voila you have your intelligence. If that goes bad, you unscrew it,
take it out, and put auco"e one in. We hope that it is going to be
somewhat like the last talk, ("A Compiter Proarammable Transducer
Micro Circuit") it would be a universal system that would really have
a number of types of modules, the types and numbers of cable connec-
tors that you have.

Q: Marty Willis (Rocketdyne): If I understand correctly, what you're
planning to do is to have a module with each sensor and the module is
separate from the sensor itself, correct?

A: Steve Baker: Correct.

Q: Marty Willis: I think the concept is really wonderful. I know
that we have a lot of problems with cable identification to sensors.
What I don't understand is now you've created a problem: where, what,
if the module gets separated from the sensor that it goes to, don't
you have to have Quality Control now to verify that you put the cor--
rect module with the correct sensor? Otherwise, you're doing your
checks, and it is transferring information, but you still have a
potential where the module is identifying itself, but it is not iden-
tifying the correct transducer. I still see human error in quality
control there.

A: Steve Baker: That's right. But what we would expect to do is
have a security wire connecting them, or you would have heat shrink,
or somehow you make it in effect permanently connected to the cable.

Q: Marty Willis: If I know NASA though, no one is going to be happy
with just safety wire.
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A: Steve Baker: Somewhere it needs to be done once. It could be put
into the sensor. For example, NASA wants to know what cable is con-
nected to what cable, what the configuration is so somewhere you have
to supply this device. You are right the first time out; you would
have to verify that.

Q: Marty Willis: And then, anytime there is a change I still see the
same sort of a problem. You are trying to eliminate a problem where
someone goes and swaps out a transducer at the last minute, the
calibration informatirn hasn't been placed into the data base, and
someone is running out there doing make-and-break tests or rap tests.
It would eliminate that buL I still think there is a place for giving
a false senue of security, that everything is ok but it isn't.

A: Steve Baker. Well there is one thing that I am planning to do
whenever the transducer comes into the calibration facility for
recalibration. A lot of QA testing and records are done at that time
so a module reprogrammed i-i the calibration lab and permanently af-
fixed again to that cable;' ensor would be the best that we could do.
Somewhere on the line there nas to be human intervention and what we
are trying to do i once we have done that, and once it is permanently
attached you can .wap these transducers all over the place in the
field. There has to be a point where that is integrated in with that
sensor or that actuator or that cable. At that point you have to be
especially careful of QA because if it breaks down there it obviously
breaks down. What we are expe.tina is that there will be enough con-
trols in place one time and that you will properly cneck it and you
caa Termanently affix it so that it becomes a permanent fixture, a
permanent ''t of that cable. If NASA has 3000 cables out here in
their su)oDly cabintet And tht:! all have intelligent cable modules at-
tached to them and you assume that when they were attached the QA was
done and it was done right. I really dcn't think that that is a false
sense of security.

Q: Marty Willis: Well, it doesn't fit; right now y.u're assuming
that when someone hooks up a transducer that quality control was there
and they hooked it up right. But ! myself have rotated items on an
engine, and I thought they were right until someone came back later
and said, "Should this be an xy or a yx"? This data doesn't jive. We
had photographs and we knew that someone had switched them. We had
quality control, too. It's jost that it happens. I was just curious
about how you were going to deal with that. Also, you have all of the
cable ID modules - and maybe it is just to eliminate doing
troubleshooting at the time - eut if you just had the one module with
the sensor and yout mas,-er module verifies that the sensor is in the
location that you said, and if it doesn't come back and say that it is
in the proper location then you would assume you have an error in one
of your junction connections?

A: Steve Baker: Yes, ilso NASA wanted to be sure that from a QA
standpoint that the right cab!is were connected together, and if there
was a failure somewhere in ) cable, this system would tell you which
cable it was and t.'mild allow technicins to immediately change that.
What if you had a pr1,bl> !m ;r a termination box, which may very well be
where the cables sp]J t ;ut t, the individual sensors? It will tell
you exactly what box it is, and you should know where it is.
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Q: Marty Willis: Just to eliminate having to go through and verify
each junction until you find the right one?

A: Steve Baker: Yes, it essentially maps the entire system automati-
cally for you.

Q: Dennis Reed (EG&G) : Two questions on your mapping procedure.
Since its a serial mapping until you reach an open end how does it
determine if there is a broken line along the line?

A: Steve Baker: This line broken?

Q: Dennis Reed: Yes, if that is broken somewhere along the line and
you are looking for an open end how does it .... ?

A: Steve Baker: If that is broken somewhere -long the line it stops
at that point. That is a potential problem. You need to know that a
line is verified correctly and it is broken. Really there is nothing
you can do because it is physically broken so your system comes back
and says these are the nl components in it. Then you know what
should be there. Therefore, that immediately tells you that I've got
a problem in this cable. You would go check that out.

Q: Dennis Reed: So the first time that you map that you have to
physically go through and verify that what the computer says matches
whaL you think you have?

A: Steve Baker: That is what you would always do. You know what you
think should be there because of the way the system has been cabled.
Then you know what the computer tells you. If it tells you something
different then you need to go check at that point.

Q: Uenn Reed: If you are looking at various transducers in a
serial method; if you were to have two transducers that were miswired,
say they are wired in parallel, could you determine that there arc two
transducers on that line instead of just one?

A: Steve Baker: The way this system is, and it is probably kind of
hafd to see, in the cables tnat go out to the sensor we require two
dedicated lines, one going out to the sensor and the other one coming
back to tne terminal box. Really the way that this system is set up
it is impossitle to be wired in parallel. Using one dedicated line
and using two dedicated lines in the final cable which goes out to the
sensor, it is impossible to wire them in parallel. The fact that they
are wired in serial allows as to tell you the order that they are in,
and therefore the physical mappi,,g; so really they can't be in paral-
lel. If they are we have big problems

Q: Marty Willis (Rocketdyne): Have you started taking a look at en-
vironmental use? If these modules are going to be mounted close to
the sensors, in quite a few of the cases aren't you going to have them
in situations where they will be exposed to extreme cold and perhaps
extreme heat, and obviously a lot of vibration? It seems to me if we
could build modules like that we would already have smart sensors that
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could perform in those environments and we don't. At least not that I
know of. Have you started addressing those issues or waybe you don't
have environmental problems?

A: Steve Baker: We are starting to address those issues. If you
think about it, more and more transducers are becoming smart now. The
particular microprocessor we are using is available in the mil-grade
version. It is high-speeQ CMOS can withstand -300 to +600C. Ob-
viously, the way it's made, the circuit board should be able to
withstand a fair amount of vibration. It should be able to withstand
most environments. It will be sealed as it is part of the cabling
system. Everything is sealed because of the salt water environment.
From that standpoint it will be able to live in the environments of
most sensors.

Comment: Marty Willis: I know with the shuttle, in most cases when
they start chilling down thingc for quite a period of time things are
going to be pretty cold.

A: Steve Baker: It can't withstand 200 C type environment, as no
electronics can. But it should be rugged enough that it can withstand
most of the environments that sensors would nz-mally be in. There may
be a few exceptions.
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VOICE ACTIVATED HOT MIC.

SIDNEY R. JONES, JR.
NAVAL AIR TEST CENTE-

AIRBORNE INSTRUMENTATION
PATUXENT RIVER, MD 20670

ABSTRACT

In many instrumentation applications, a good clear Intercom System (ICS) is
a necessity. This holds true for instrumentation personnel at various ground
sites as well as aircrew in multiple seat aircraft. When the ICS is operated in
the "Hot Mic" mode, the microphones are constantly keyed or held open. This
allows the aircrew to fly their test points without keying the mic every time
they want to talk. Thus all of the breathing and other extraneous noise is
transmitted over the ICS. By installing a Voice Activated Switch (VOX) which
triggers on the crew's voice, the majority of the background noise that is
transmitted on the ICS is eliminated, making for a much quiter intercom system.

INTRODUCTION

At the Naval Air Test Center (NATC) in Patuxent River, Maryland, a lot of
flight testing is done on a variety of planes. Many of these are multi ple seat
aircraft which are already equipped with a voice activated hot mic (VOX) mode.
When a trainer, a two seat version of a particular single seat aircraft, was
being tested at NAFC, the pilots wanted the clear transmission which they had
experienced with previous VOX equipped planes. As a result, the Airborne
Instrumentation Department was tasked to build and install an instrumentation
level VOX circuit for this aircraft during the time it was undergoing flight
test at NATC.

SYSTEM OPERATION

Tre goal was to desigr a circuit tnat would detect whenever voice was com-
inn tnrough the microphone. When detected, the voice would be passed to the
ICS. Any input that was not voicc would be rejected, Among the several design
approaches consioceren was to use a Fast Fourier Transform chip to detect an
inpH t that 4as within the voice frequency range. After noting the complexity
of this circuit, we opted for a simpler solution. A sound level detect cir-
cuit, similar '.o those found in other VOX installations was chosen. When con-
sidering the majority of noise will be 'iow level background noise, this circuit
should perform adequately.
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Once voice is detected on the mic lires, it has to be switched through the
ICS system. The irst aoroach was to make and break the mic lines to the ICS
wth a relay (see figurce !a. Whenever the voice is to be passed, the VOX cir-
CuWL closes the control swiLch. The m, ic is then directly connected to the ICS
system. AitEr tuilding this circuit, -oading problems were discovered between
tje microp none pre-amp and the iCS. The VOX circuit was set up so a normal
voice level coming into the mic would trigger the relay. When the relay was
energized connectinC tre mic lines to the ICS, the ICF would load the pre-amp
so badly the resiltino signal level would no longer trigger the VOX circuit.
The relay wouid be disabled, disconnecting the mic from the ICS. The signal
level would jump back to its previous level triggering the circuit again. As
lonq as Lhere was P voice input, the relay would "chatter". Another approach
wos needec.

The ICS system has two co.c rol lines--hot m;c and ratio over ride. Ii the
cocknit, to use either mode a switch is thrown which grounds the appropriate
control line. To got voice to activate the hot mic mode for brief periods of
time, VOX is used to ground the hot mic control line (see figure 1b).

Interfacin the VOX ircuiL Lo the ICS in this way solved the loading prob-
lem. Also, this was a mich hrtLer solution from a safety of flight standpoint.
In the ,.orst case scenario of a VOX failure, the contro, switch would be
closed. No commurications would be lost since the ICS would see it as normal
hot .7ic MOce. However, using the previous method (figure 1a), in the worst
case the control :witch wouid be open. The aircrew would no longer be able to
talk to the ground or each other.

CIRCUIT DESCRIPTION

The microphone 1fies cre rin into an amplifier and fiiter circuit (sen
figure 2). The ampiifier is adjusted to get maximUm gain without saturating
the amp ifier (see fiqure 3n). Thib provides greai.er sensitivity in the
following threshoid etect :ircu'L. The filter, with a rutoff frequency of 5
kHz, will attenuate the noise with a frequency greater than that of the voice
A a result, the higher frequency' noise gets filtered out before it can trigger
the VOX circuit.
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The voice signal tends to be reasonably s)nimetrical. Since the detect cir-
cuit looks at the amplitude of the signal, the negative portion isn't neces-
sary. The signal is sent through a clipping circuit before being fed into a
smoothing circuit. The smoothing circuit rounds the spikes. It keeps the
threshold circuitry from triggering on spikes close to the threshold level. We
now have a 0 to 15 volt signal input to the threshold detect circuit. The
threshold detect circuit uses a comparator to compare the modified voice signal
with the threshold adjust voltage (see figure 3b). As long as the signal is
below the threshold, the comparator output is kept constant at +15 VDC. When-
ever the signal exceeds the threshold, the output drops to -15 VDC. In order
to protect the input of the next stage, a clipping circuit is used to limit the
signal to a 0 to 15 volt square wave (see figure 3c).

While the timer input is high (no voice detected) , the timer output
remains low keeping the control circuit relay disabled. When the timer input
swings low (voice detected) , the output rises, energizing the relay which
grounds the hot mic control lire. As long as the input remains low (voice
still present) , the relay is kept energized. When the input swings high again
voice disappears), the timer starts its time out sequence. If the input

doesn't drop low again (no voice detected) before a predetermined period "t"
has been reached, the relay is disabled allowing nothing to reach the ICS. If
the input does drop low before the time out period has been reached (voice
reappears) , the tinier is reset and doesn't begin its time out sequence again
until the input goes high (see figure 3d).

After manufacturina a working circuit card, the board was redesigned with a
much greater density and a few enhancements. The idea was to make a generic
board that with minimum effort could be configured for individual requirements.
Among these enhancements are:

" A dual channel board medsuring 2 3/4 inches by 4 inches.
" The ability to use the control relay normally open or normally

closed.
" The choice of using a pot instead of a fixed resistor for amplifier

gain contri;!.
" Th( availability o' plac1inn resistors on either side of the

threshold adjust pot to achieve any desired thresholo adjust
,ensitivity.

OTHER USES

Although the circuit was designed as a VOX control circuit, the more
correct name is a voItage activated switch or voltage monitor card. When
looking at the circuit in this way, a whole range of possible applications
opens up. In any given instrumentation system there are a variety of
transducers. The majority of these transducers provide a DC output. Those
remraining could be run into signal conditloning to provide a DC output. Any of
these trasducers could be used as the front end to this circuit. When
prope'ly configured this circuit could te an over/under voltage indicator,
temperature indicator, RPM indicator, position indicator, etc.

CONCLUSION

Upon completinti of the .nitial phase of the VOX project the Navy as well
as the aircrew lived the design so wei , trot we are currently trying to find a
suitable packaging scheme to incorporate VOX as a fleet wide modification.
Airborne Irstriimentalen iS iuoking into placing VOX units in the test engineer
stations .,.ithi. our crouno sta ion. This will enable the test engineer to hear

the pilot's voice thr.uh VOX whether tre aircraft has one ins talled or not.
These are only e, few of the applications of this simple but versatilo circuit.
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VOICE ACTIVATED HOT MIC

Q: Bill Cardwell (GE, Evendale OH): Is there a problem on this being
in the aircraft with two microphones, the pilot, and the co-pilot
being close to each other and both talking at the same time, or mul-
tiple circuit activation into the same voice net?

A: Sidney Jones: No, this is no different than the aircraft con-
figuration without hot mic.

Q: Bill Cardwell: The ground station has to recognize by voice then
which is talking?

A: Sidney Jones: Yes.
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Improving the Response Time and Accuracy of Transient Thermal Measurements in Live
Fire Testing (LFT)"
James G. Faller

Live fire vulnerability testing is mandated by law for all major development combat
vehicles of the Army. One of the principal aims of such testing is to gain a realistic crew
casualty assessment during round penetration of the vehicle. Thermal injury to skin and
eyes stemming primarily from direct contact with hot gases, liquids, and particulates
represents a major hazard to the vehicle crew. Recent survivability test programs at
Aberdeen Proving Ground (APG) have led to the development of test methods and
instrumentation to collect rapid, real time, usable and integrable thermocouple
temperature and heat flux sensor data desired by the office of the Surgeon General in
making their hazard analysis.
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A Very Wide Dynamic Range Data Acquisition System

Jack R. Carrel
Senioi Engineer

EG&G Energy Measurements, Inc.
Sandia/DoD Engineering

Las Vegas, NV

Abstract
BACKGROU4D

This article presents the design of a data fhe seismic data acquisition system collects

acquisition system that was developed by EG&G Energy information from seismic stations that are located

Measurements foc Sindia National Laboratories. Thc several hundred miles from a central data collection

acquisition system ccmprises individual seismometers and control point. Each station is composed of sev-

that measure seismic activity at remote stations eral seismometers that are attached to signal condi-

located several hundred miles tfom a central data tioning equipment. The output of the signal condi-

collection facility and control point. The remote tioning equipment is digitized and transmitted by

stations operate unattended ann receive conmmands for modem communications to the central data collection

setup and status check from the control point. facility, where the data is processed for analysis

(Additionally, the stations' operation can be modi- and archival. From the central data collection

fied by transmitting software modifications from the facility, an operator can send commands to the

control point.) At the remote station the data from remote station. These conmmands include system

the seismometers, ranging from 10 microvolts to 4 readiness tests and configuration settings for each

volts, is digitized and transmitted over telephone seismometer channel. The configuration settings

lines to the central collection point. Rpc ,ie of control the aLtenuation of the signal prior to the

the wide-uynamic input voitage range, the system was analog-to-digital conversion. These attenuator

designed witn 16-bit analog-to-digital converters settings are used to condition the seismometer sig-

and an autoLanging capability. giving an effective nal for the maximum usage of the analog-to-digital

20-bit range. Errors due tc noise were kept to a converter operating range. These attenuations are

minimum by careful selection of components and implemented through the actuation of relays. The
effective packaging design; nonlinearity was reduced relays control the connection of a series of resis-

bV oversampling the input signal and then digitally tors that provide fixed amounts of attenuation to

filtering the sampled data. the input signal.

The system is tested for readiness by sending a

specified current to the calibration coil of the
soismometer. The system monitots the resulting out-

TNTRODU1I ION put of the seismometer. The operator can then ver-
ify that the system is functioning by watching the

This document presents the considerations and signal that is collected at the central collection

processes used in the design of a seismic data facility. This test verifies that the seismometer

accjuisition system developed by EG&G Energy Measure- mass is not too close to a boundary and that the

ments, inc. ftr Sandi2 National :aboratcries (SNL. data acqiisition system is functioning properly.

!he full data acquisition system is described, and
the new design of the remote-s'ation data a quisj- 9EW SYSTEM REQUIREMENTS
tion equipment is presented. Ihe critical problem
areas are ideutifiod; these inrlude random noise and The design that is being considered in this

systematic errnrs. The careful consideratior of document is a redesign of the remote-station data

these and other error sources n the elio of acquisition equipment. The customer at SNL and the

system components arid contigtraticn Minimie( Or EG&G operators designated several requirements for

negated their effects. The primary challenge in the the new design. These requirements are:

development of this system was the very wide range
of signal amplitude from the viious seismometers. * Provide five channels per remote station

By adjustinq the system o-r each seismometet and * Simplify design and operation; remove relays

then segmenting the rernarin siqnal lange, a system 0 Increase sensitivity

could be develored thit 'o)ild perfor more than 0 Increase resolution within each range

adequately. e Allow remote software modification
o Use high-level langage
a S5nchronize all of the stations for relative

chase measurement,

Th.re )re five seismometers at each of the

remote s;tations. Each of the fiv.,e channels at the
em~oe staton has a seismometer attached to it.

39



The details concerning the seismometers will be supplied in real time to the data collection
presented later, facility.

The existing system had two major problems that THE NEW SYSTEM
affected its reliability. First, the system con-
tained a large number of relays. The problems with The new system is represented by the block dia-
these relays caused the operators to ask that the gram in Figure 1. The left side of the figure shows
new design eliminate relays or at least reduce the the equipment on the seismometer pad, which is a
number of them. Second, the existing system used large concrete platform that the seismometers are
STD tuus card edge connectors. As is generally the set on.
case with card edge connectors, it was necessary to
clean and re-seat the cards periodically. In the new system, all possible sources of noise

are removed from the pad area. Experience has shown
The required sensitivity of the new system is I that the two main sources of noise are 60 Hz elec-

microvolt. The sensitivity 0 f the existing system trical noise from AC po-er cables, and mechanical
was 100 microvolts. As will be shown later, the noise generated by such things as cooling fans.
lowest signals expected from the seisimmeter Both of these sources can cause subharmonics to be
approach a sensitivity of less than 1 microvolt. generated that are within the bandwidth of the seis-

mometers and the instrumentation. To remove these
The customer specifically asked that we increase sources, two criteria were selected for the new sys-

the resolution of the system. The concern is that tem. First, the instrumentation rack would be moved
very small signals contain information that is of as far away from the pad as feasible. This would
interest. If the small-amplitude frequency compo- remove all of the sources of mechanical noise from
nents are riding on a latrer-amplitude component, the pad area. Second, the pad would be kept free of
the existing system would continue to change ranges any AC power. All of the equipment in the new sys-
to ensure that the larger amplitude signal would not tem that needed to be either in the area or on the
be clipped. The resolution of the existing sy.,tem pad would be DC voltage.
was 11 to 12 bits within a range. The new lystem
uses fewer ranges and 'A-bit analog-to-digital con- Since the instrumentation had to be moved from
verters to meet this requirement. the pad and since the signals from the seismometers

are of such a low level, the new system has pre-
To change the operating software of the existing amplifiers on the pad. These preamplifiers amplify

stations, new PROMs would have to he programmed, and the seismometer signal and provide a quiet impedance
then carried out to the remote station to be matching to the seismometer output. The preampli-
installed in, the system. Since nmking these rhanoes fiers use DC power that is supplied from the Distri-
at most of the stations would Lecuire several hun- Dution Unit. In addition to supplying DC power to
dred miles of travel, a better method of upgrading the Preamplifiers, the Distribution Unit also sup-
and modifying the system software was required. In plies the calibration coil signal to each of the
the new system, electrically erasable PROMs are seismometers.
used to store the operating program. This program
can be changed by way of the modem link from the As is shown on the right side of Figure 1, a VME
central data collection facility. chassis was selected to contain the station instru-mentation. VME was chosen because of the positive

tinally, in order to make the phase measurements mating connectors and because of the availability of
between remote stations more accurate, the new sys- chassis on the commercial market. The signal from
tem synchronizes the local s-mpling clocks to WWVB. the Preamplifiers enters the Analog Module, where it
This synchronization allows measurements with 0.5 is digitized and transferred to the Processor mod-
milliseconds of relarive accuracy. ule. The Processor Module then sends the digitized

signal to the central data collection facility
INPUT REQUIREMEITS through the modem connected to one of its serial

ports.
There are three types of seismometers in the

se-mrc system. Thep' ihrec seisameters are shown The VME chassis was modified to include separate
in 'able 1, along with the minimum and maximum Sig- power supplies for all of the analog circuitry.
nal levels that will be expected from them. Note This modification was necessary because VME chassis
that the total r inqe covered by these seismometers are designed for a digital environment and are sup-
ranges from 0.9 mi-ro-cilts as the minimum signal plied with a switching regulated power supply, a
from the SL-21U, '20 to 4. ;voltF as the miximum from typt_ of power supply that is inherently very noisy.
the GS-13. These two -epresent a range uf over 130 Also, because digital systems tend to put noise on
da. To cover this range would tequite that the sys- the power supply because of the digital switching,
tem have an analoo-to-digital converter of 24 bits the analog system was supplieo with quieter linear
including the sign bit, since these are only peak reculated power supplies. In addition to being
voltage values. As is also shOs,, in the table, the quieteT than the switching regulator power supply,
expected input signal level of eah seismometer type the separate linear regulated power supplies further
has a range of crly 105 dB. This range can be isolate the analog portion of the system from the
covered with an analcg-to-diiita converter of 20 digital system and keep the isolation between the
bits including th- sign Lit. That is. a substantial two systems intact. The information passed between
roduction in the. rquiL-d pv4,1n rmn- e of the the analog and digital portions of the system is
analog-to-digital cnvertet. through optical couple~s.

The existing system sampled the input sional at The Calibration Module provides several funo-
'0 samples per se,-ond. In order to minimize the tions to the system. It supplies the sampling clock
impact n the analysis software, !he sample tate to th, Analco Modules in tbh VME chassis; this sam-
remained at 50 samplec, per second fr data that is
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SEISMIC STATION BLOCK DIAGRAM

Seismometer Pad

SL-210 FseismiE
Seismometer Preampliffier

C4U-4nVDC-u,

SL-21 0 Seismic
Seismometer Pfeampiflier

Si- ---- a -Sg. Sig-out - _ _ _ _ _ _ _ _ _ _ _ _

VDC-min -&

SL-21 0 Seismic
Seismometer Preamplifier

Si"-Ut Sig-in S"gUt - f__ __ _ _ _ __ _ _ _

GS-13 Seismic
Seismometer Preamplifier

S ts in Sig-out _ _ _ _ _ _ _ _ _ _ _ _

Ca-, VDC-4n

GS-13 Seismic
Seis=mrnOte. Preamplifier

Sig-out - - Siq-n Sg

Distribution
Unit

VDC-out VDC-minA
Cal-,out Cai-m

Figure 1. Seismic station block diagram.
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SEISMIC STATION BLOCK DIAGRAM
(CONCLUDED)
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pling clock is synchronized to WWVB. The Calibra- important factor in the desrign ot the instrumenta-
tion Module also generates the calibration signals tion system. As previously discussed, there are two
for the seismometers and provides the DC voltages types of noise in this system: electrical and
for the Distribution Unit. mechanical. The effects of the mechanical noise are

greatly reduced by the removal of the instrumenta-
The Memory Module in the VME chassis buffers the tion rack and its associated cooling fans from the

,4-7 that is transmitted to the Central Data Ccllec- seismometer pad.
tion Facility and provides additional memory that
can be used by the Frocessor Mccdule. This memory is The electrical noise has three major sources:
CMOS; it has batter", backup when power is not component, circuit, and 60-Hz power lines. The
applied from the VME bus. component noise is a result of the random thermal

motion of electrons and although very small can
POTETI£AL ERROR SOURCES still add to the overall circuit noise. The circuit

noise results from the configuration of components
The remote-station instrumentation can operate that reinforce or inhibit noise generation and accu-

only if the potential sources for errors are con- muiation through the system. (Component noise
sidered in the system design. Table 2 lists the sources such as flicker noise and shot noise should
major errors that were considered in the design of also be considered, especially with the use of mono-
this system. These errors are generated in the sig- lithic operational amplifiers.) As is true with
nal, primarily in the analog circuitry. most instrumentation systems, the insertion of 60-Hz

signals into the measurement signal must be elimi-
The gain error and the gain linearity nated or at least reduced. Often in an instrumenta-

error must be considered in the design of each of tion system, the problem is not the existence of
the amplifiers in the signai path. Table 3 show- 60-Hz noise in the environment, but rather the
the gain calculations for the resistors in an insertion of 60-Hz signals as a result of improper
inverting operational amplifier circuit. These circuit configuration and improper grounding and
calculations show, of course, that the gain of toe shielding techniques.
amplifier relies more on the ratio of the resistors
than on the accuracy of each resistor. Also, the Another pcssible source of error in the system
gain stability with temperature depends upon the can be the generation of frequency-dependent devia-
--tchinq of the temperature coefficients of the two tions in the amplitude response of the system in the
resistors. This means that even if the temperature frequency band of interest. The most likely cause
coefficients of the resistors are not within the of this error is the improper alignment of poles
0.0015 percent required by a 16-bit system, the gain from the filters that are used throughout the sys-
error cnuld still be sufficiently small if the ratio tem. If the poles line up, then the ripple frorr
of the temperature coefficients of the resistors each filter can accumulate into an error that is
track within the 0 OCK 5 percent tolerance, substantial enough to affect the performance of the

system. Tne filters of the system need to be
The gain linearity error is the most difficult designed to ensure that this does not occur. This

one to determine and correct. If the temperature :s the one error discussed here that con also be
coefficients of the gain resistors of the amplifiers caused by the digital portion of the system.
do rot track, or if their temperature coefficients
do not track linearly w.ith each other, nonlinear DESIGN APPROACH
gain errors wii sxist in the system. The likelihood
of these errors occu-ring in a large enough magni- Vhe approach followed in the design ef the
tude to be a problem is very slight. We have not remote station instrumentation system was to pay
ben able t devise an adejuate test to verify the attentron to the generation of e.-rors in the analog
linearity r-t the system to the full 20 -i t accuracy. portion of tne system, keep the digital portion from
'she rrchT..s with this kp'-A of tcst:ng involve find- causina errors to feed into the analog signal, and
rug , snal source and a measurement device that keep the diqital sicnal processing from generating
will oeo the full range of the system. As a errors through numerical methods. The first of
reurt, 1 Lest way lc test the linearity -of the these considerations, the_ generation cf errors in
system l to t.st the various portions of it sepa- the analog portion of the system, required the
rately. d_ th:s, "..'e can iokr at the oystem -is greateot amount of attention. The following guide-

' h t t-sn.s. Care rt [' t. .,n toat 'h-  I ines ',see used to achieve the minimum amount of
integral ,oni:n :,a d ec i:rse a dEscezn-.'o e ror in the analcg signal:
e:rror !cotweenl the 1

e Tiin~mize components in the signal path
The -,Y cffioct :-,t lgeat concern as long as * Use Low noise coopenents

it doe,' not accunu.ate throuh the system and cause * Keep the signal path quiet
the lower range f th' system to be unusable. The
information frot th( ietmoters is studied mostly the number of components in the signal path was
in the frequpency domain. Thoitore, as lo1ng as the fejlt t.c a minimumr, because all electrical components
DC offset is low nough " I-c., the collection of generate noise that will accurrmlate in the circuit.
the other frequencv eorr7n~nts, t is not a prohlem. Once in the system, the noise will either add or
The [.t-oftset drift _-an h'e a pcoLlem if it is cf muitiply, but in either case it will accunlate
sufficient frequen y that .t appears to be seismic throughout the circuit and will influence the meas-
information. Becaus,- the seismic information is of urement signal.
such low frequency, the LC offset drift with temper-
ature can be a sourCe of error and should be consid- By selecting low-noise components, the accumula-
ered thr. jhcut the design. tion of nuise in the system can be kept to a mini-

mum. For instance, the thermal noise in resistors
Because of the extremely low levels of some of is pro(yirtional to the temperature and the resis-

the signals from the seismometers, noise is an tance value of the resistor. In this design we did
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same temper-ature. The nonlinearity etror is still
difficult to verify, although it does not appear to
be a problem. The DC offset is not a problem
because of the stability of the n-ircuit and the
monolithic anirulifiers that were chosen, the oPA.27s.
The overall design of the system was; simplified by
the segmentation of the requied 2CJ-bit Lange for a
sinqie digitizer into two overlapping 16-Lit ranges.
Finally, digital processing techniqzues such as over-
sampling and ±ilterino were usedl tu redure the
effects oJf unwanted sigrrsls.
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A VERY WIDE DYNAMIC RANGE DATA ACQUISITION SYSTEM

Q: Steve Baker (Oakridge National Laboratory): I noticed you used
essentially a successive-approximation A/D converter from Crystal, one
that gave you a high sampling rate?

A: Jack Carrel: Yes, but I don't think that it is successive ap-
proximation.

Q: Steve Baker: The basic question that I had is that the other ap-
proach you could take would be to use the slower dual or triple slope
integrating A/D converter and I wondered what your thought process
was, why you chose this over that?

A: Jack Carrel: Even those converters are going to have the wideband
component noise, and given the level,I thought it was more important
to have a high sample rate, and ti,.=n in the digital domain remove that
thermal noise, called Johnson noise, from the system. I would not
have that as an option in some of those others. There is an 18-bit
converter that is made b Analog Devices but it only has about a 10 Hz
bandwidth and so I don't have a lot of room to play with doing my
digital filtering.
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